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BROADBAND DUAL-MODE SLOT ANTENNA

Alpesh Bhobe', Thomas Cencich™, Tuson Burford™ and Dejan Filipovi¢!
"Department of Elecirical and Computer Engincering
The University of Colorado
425 UCB
) Boulder, CO 80:309-0425
“TLockheed Martin Space Systems Company Astronautics Operations
P.G. Box179
Mail Stop S4914
Denver, CO 802011

ABSTRACT: A novel cavity-backed 4-arm slot spiral antenna for broadband
communicalions is propesed in this paper. It is designed for dual-mode,
1"/Normal mude and 2°%Split-Bcam mode, operation from 1.5—4.5GHz and
2.5-6GGHz respectively. A Finite-Element Boundary-Integral (FE-BI) based
numerical tool is extensively used fo study effects of various antenna
parameters, including slot width, diclectric loading, cavity depth, growth
rate, resistive taper, etc. The slot spiral is designed for axial ratio £ 4dB over
the desired bandwidth for both modes. Based on the numerical analysis,
cavity depth and diameter of 1.5¢cm and 8.5cm, respectively, were chosen.
The antenna is built on a 0.0786cm thick RT/Duroid®5880 substrate of
dielectric constant (g;) 2.2. Measured and numerical data are presented and
discussed, and generally a very good agreement between the two is obtained.

1. INTRODUCTION

Since their introduction in the mid 1960's [1-3] spiral antennas have
emerged as leading candidates for various commercial and military applications
requinng broadband circularly polarized operation. They can be realized with
single or a multiple arms in printedfwire [2], microstrip [4] and slot forms
[1.3,5,6]. Printed and wire spirals have been studied extensively and they arc
particularly popular duc to well established broadband feeding schemes for
various radiation modes [7]. On the other hand, slot spirals, allhough developed
first [1,3], have been less swdied primarily due to a need for an infinite balun feed
[1] required for establishing a traveling sloi Iine wave. Additionally, the
continwous nature of a slot hme al the center disables many useful phasing
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combinations thus restricting broadband multimode functionality. This is likely
the main reason why slot spirals (so {ar) have been realized with only two amms.

In this paper, « design of a novel cavity-backed 4-arm slot spiral, shown in
Fig. 1, is presented. The antenna is realized for broadband performance of its 1%
{normal} and 2™ {split-beam} mode for an axial ratio of less then 4dB at beam
maximum. A specialized FE-BI based numerical tool is extensively used to
analyze various antenna paramcters [6]. This 4-arm Archimedean slot spiral has
2x2 continuous arms, which start at the center and are separated by 90° from cach
other. The antenna is fed with two semi-rigid coaxial cables in the form of a two
port infinite Dyson balun, as shown in Fig. 1. Thus, an in and omt of phase
currents at the coax to slot line transition are responsible for generating a dual-
mode operation. It is important to note that the continuous nature of the slot line
docs not permit required 4-arm normal mode phasing conditions of 10°, 90°,
1807, 270°}. Instcad, a phasing of {0°, 180°, 1807, 0°} between neighburing arms
is established, which resembles phasing “for a 2 arm spiral. As a conseguence,
lower radiation efficiency and significant 3 mode radiation oceur, thus
somewhat degrading antenna performance. The phasing progression for the 2™
mode radiation is correctly established and similar split-beam pattemns as with a 4-
arm printed spiral are obtained.

2. PARAMETRIC STUDY

In this section the antenna performance for various paramelers is discussed
and relevant physics is deduced.

DIELECTRIC LOADING: provides mechanical support for the antenna
structure as well as the electrical support for establishing the leaking travcling
wave responsible for the radiating process. Antenna performance was analyzed
for three typically used substrutes with dielcetric constants of £,= 2.2, 3.38,6.1. It
is ohserved that the higher diclectric constant increases the gain at lower
frequencies {antenna becomes electrically larger) but deteriorates both the gain
{traveling wave is more bounded within substrate) and axial ratio {3”d mode and
cavity rescnance become significant) at higher bands. Also, input impedance
decreases {incrcased capacitance of the line) and WOW (ratio of maximum to
rmanimum field) deteriorates rapidly (3™ modefresonance). Similar effects arc
obscrved when the thickness is increased.

GROWIH RATE: determines number of turng within a given spiral

aperture size. Archimedes growth rate leads 10 a constant width of the meltal
sections between slots and its choice alffects not only radiation properties of the
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aperlure, but also the feed line losses. Five different growth rates of « = 0.2077,
0.2395, .2713, 0.3349 and 0.3668rad/em were studied. It is observed that the
directivity improves at mid and higher frequencies with smaller growth rates for
both modes. This is due 1o more turns in the radiation region and enhanced
coupling between neighboring arms, thus more leaking, Also, the same physics
contributes to the significantly reduced WOW (less enerpy within the non-
radiated wave after it passes the radiating ring). Note that small growth rate
increases the length of the infinite balun, thus higher feed linc losses.

CAVITY DEPTH: adds the 3" dimension in an antenna, and is necessary for
providing uni-directional radiation. Range of (absorber free) depths between
0.5¢m and 2em was considered here. Increased cavity depth improves the lower
band gain (primarily due to reduced encrgy in the microstrip mode), but also
increases the negative effects of cavity resonances and higher modes, such as
larger axial ratio and WOW.

SLOT Winrk: affects the characteristic impedance of a quasi-TEM slot
line, wave energy distribution in the slot and microstrip modes, and the diameter
of the feeding cables (o be used as a balun. Three slot widths of 0.0508, 0.063 and
0.0762cm were studied. As expected, the real and imaginary parts of input
impedance decreased with reducing the slot width (due to increascd capacitance).
Additionally, small changes in both the gain and the axial ratio (for the entire
frequency range) are ohserved.

RESISTIVE TAPER: should enable the radiation of direct traveling wave,
1.e. the energy associated with the non-radisted wave (after it passes the radiating
ring) should be absorbed. Traditionally, this taper is realized in a broadband
Klopfenstain [5,6] configuration wilh more than 15 resistors per arm. To reduce
this number, as well as 10 determine the best location for each resistor, a
procedure suggested in [B] was utilized. Dependence of the axial ratio at the beam
peak for both modes and various stages in the taper design is shown in Fig. 2.

3. FABRICATION AND MEASUREMENTS

Based on the numerical analysis, the 4-arm slot spiral with following
parameters is designed: a=0.2713cm/frad, w=0.0508cm, D=1.5cm and 47=8.5cm.
Antenna 15 realized on RT/Durpid & 5880 (e=2.2) substrate of thickness
=0.0786cm. Two 0.047 semi-rigid coaxial (infinite Dyson) baluns are soldeted
directly on the metul between slots, as shown in Fig. la. The resistive taper
termination is realized using resisters soldered across the slots at predetermined

233



locations (and resistances), To reduce effects of cavity resonances, a Smm thick
absorber {ARC LS - 11191} is placed al the cavity hottom,

Measured and simulated VSWR for 1* and 2™ modes, as depicted in Fig,
3a & 3b respectively, is less than 2 for entire frequency range. The observed
disagreements are likely due to the differences between the computational and
fabricated models (particularly at the feed transitions). Note the measured VSWR
ripple of 176 MHz corresponds to twice the electrical length (2 x 85.3 ¢cm) of the
coaxial balun, For the characterization of radiation patterns, the antenna was
placed in & 4ft. diameter circular aluminum ground plane. The comparison
between measured and simulated gains for 1% & 2™ mode is shown in Fig. 4,
while respective elevation angles of the beam maximum are given in Fig. 4b. The
results generally agree very well. For the 1™ mode the gain achieves ils nominal
value of 3.5dBic at 2.5GHz, and it is greater than -5dBic above 1.4GHz. A slight
deterioration in the simulated gain is observed around 4.5GHz cuused by the
cavity resonance. Note that this effect is reduced in measurement due to the cavity
absorber. For the 2* mode, the gain remaing flat at approximately 3dBic above
3.5 GHz and is greater than -3dBic above 2.5GHz. The axial ratio performance,
both measured and simulated, for both modes is plotted in Fig. 5. For the 1% mode
the axial ratio is computed at the broadside where as for the second mode it is
computed at the paltemn peak, as shown in Fig. 4b.

Measured radiation pattems of the antenna with respect to elevation angle
() at frequencies of 3, 4 and 5GHz, for both modes arc shown in Fig. 6, 7 & §
respectively, The radiation patterns were measured for azimuth angles of ¢=0"to
360" with steps of 10°. A clear broadside beam for the 1* mode and a sharp null
for the 2! demonstrate the dual-mode performance of this antenna. Measured and
simulated results agree well with each other, and rippling in the measured results
is due to the finite ground plane edge effects {numerical model assumes an
infinite ground plane). The radiation patterns for the 1% mode show a very good
axlul ratio performance at the broadzide. However, at wider elevalion angles the
axial ratio perfermance and WOW deferiorate and worsen as the [requency
increases. This is caused by the excitation of the undesired 3™ mode. For the 2
mode no such effects are observed for measured frequencies, and the WOW is
well within 2dB at wide elevation angles,

4. SUMMARY AND CONCLUSIONS
A detailed computational and experimental smudy of a flush-mounted,

lightweight, cavity-backed 4-arm  slot  spiral  antenna for broadband
communications is presented in this paper. The simulated sand measured results
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show good agreement with each other. The antenna has more than an octave
broadband gain and circular polarization characteristics (near beam maximum) for
both modes of operation. Further improvements in eliminating higher order
modes are necessary if this antenna is to be used in monopulse direction finding
systems.
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Fig. ¢. Simulated (-20° to (°) and measured {{° to $0%) co- and cross-
polarization patterns at 3 GHz
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Fig. 7. Simulated (-20° to 0°} and measured (0° to 90%) co- and cross-
polarization paticrns at 4 GHz
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TRUNCATED VERSIONS OF MODIFIED PARANY
GASKET MONOPOLE ANTENNA AND ITS
FREQUENCY ALLOCATION

Kiyun Han and Frances J. Harackiewicz
Antennas and Propagation Laboratory
Department of Electrical and Computer Engineering
Southem Hlinots Tniversity Carbondale
Carbondale, 1. 62901-6603

Abstract: To achieve multi-frequency operating bands, the Sierpinski
triangle gasket fractal geometry has been applied to monopole and dipole
antennas. Recently, modified 2- and 3-dimensional parany gasket moaopole
antennas have been introduced and the results show simpler design than the
conventional Sierpinski monopole and alse improved operating band
characteristics.

In this paper, to reduce the size of the modified parany gaskei
menopole, the gasket is truncated into 2 couple of different shapes. The
monopoles are fed by 50} microsirip lines and ground plane is printed at the
back of the microstrip line. The results show thai truncated versions of the
modified parany gasket monopole maintain multi-frequency operating
bands; and due to the printed ground plane, the overall volume is smaller
than that of a monopole that uses a conventional metal ground plane
perpendicular to the antenna, Also, the flare angle of the proposed antennas
is changed from 60" to 90" to study allocation of the operating bands. The
results sugeest that changing the flare angle is one way to control the position
of multiple bands.

1. Introduction

The Sierpinski triangle mencpole and dipole antennas have been studied
intensively to achieve multi-frequency operating band [1]-[3] Recently, modified
2- and 3-dimensional parany gasket monopole antennas have been introduced [4].
As 2 result, improved operating band characteristics have been achieved. In [5]
and [6], multiple ring and parany gaskets are used instead of the conventional
Sierpinski gasket. Both cases show multiband charactenstics. Especially in [6],
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printed ground plane with microstrp line feed have been applied for better
impedance matching.

In this paper, a modified parany and two different truncated versions of
modified parany pasket monopoles are introduced to reduce the size of the
monopele and to study multiband behavior. The flare angle also has been changed
from 60° to 90° 1o study frequency allocation. Section 2 demonstrates the
multiband behavior of the modified parany gasket monepole and its truncated
versions with microstrip feed on a printed ground plane. Section 3 demonstrates
frequency allocation of menopoles in section 2 by changing the flare angle. 1nput
retumn losses of three pairs of monopoles are compared between 60° and 90° flare
angles.

2. Modified Parany Gasket Monopole and Its Truncated Versions
2.1 Design and configuration

Modified parany pasket monopole with 60° flare angle (hereafter
60MPARANYY) is printed on a 62-mil thickness Rogers RT/Durcid 5880 (g =
2.2). The antenna is fed by a 50L microstrip line (4.4mm wide) and the ground
plane is at the back of the microstrip line. To study the truncation effect, two more
monopoles are made. First, 60MPARANY is truncated into a diamond shape
{(hercafier TOOPARANY1) and second, the top of the TGOPARANY] is also
truncated (hereafter TO0PARANY2). Figurel shows the three different
monopoles. For all three antennas, a scaling factor of approximately ¥ is applied.
The heights of the 60MPARANY and T6OPARANY1 are 6.5, 12, 23, and 44mm
from the top of the ground plane. The heights of the TGOPARANY? are 6.5, 12,
23, and 28mm from the top of the ground plane. All the slot heights are
maintained with 2mm.

All the antennas in this paper including the antennas in Figure 1 and later
section are fabricated and measured at the STUC Amtennas and Propagations
Laboratory.

2.2 Simulated and measured results
Measured return losses of the three antennas are shown in Figure 2. The
results between simulated and measvred return losses show good agreement.

Except the fourth band of the T6OPARANY 1, the center frequencies of each band
of all three antennas between the simulation and measurement are shown at the
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almost the same points. The simulated resuits are obtained using a Finite
Difference Time Domain (FDTD) commercial sofiware package CONCERTO
from Vector Fields Inc, [7]. All antennas clearly show four frequency bands. It
can be seen that at the first band, the resonant frequency is shifted from 1.18 for
6OMPARANY to 1.57 and 1.86GHz for To0PARANY] and T6OPARANY?2
respectively. It is found that even though the height of the T6OPARANY1 is satme
as 60OMPARANY, the rescnant frequency of the TGOPARANY ) is shifted higher.
For TBUPARANY?2, the freguency shift is expected because of the short height of
the antenna. Bandwidth (VSWR<2) and center frequencies of each bandwidth {7;)
are summarized in Table 1.

Table 1. The center frequencies and bandwidths of the three antennas with 60°

flare angle.
7. (GHz) Bandwidth (VSWR<2) (%)
Band # 1 2 3 4 | pa 3 4
60MPARANY | 1.18 | 392 | 8.11 | 1617 - | 126 | 191 | 249
T6OPARANYD | 157 | 385 | 782 | 1558 | 185 | 10.1 | 224 | 237
T60PARANY2 | 186 | 433 | 7.58 | 1612 | - 46 | 193 | 247

The bandwidths of all antennas for the second, third, and fourth band remain close
except the second band of the TOOPARANY2, which decreased from 12.6% to
4 6%. However the first bandwidth of the T6OPARANY ] increases from 0% to
18.5%,

Radiation patterns in all four bands of the three antennas are simulated
using the CONCERTO. Figurc 3 compares ¢ = 90° at the second, third, and fourth
band of three antennas. It can be seen that the patterns are similsr ameng those
three antennas and bands. As the operating band increases, back lobe radiation
also increases. This is because as the wavelength becomes smaller, the ground
plane looks longer. The radiation patterns of ¢ = 0" and £ = 50 also show similar
radiation patterns among antennas.

3. Frequency Allocation by Changing Flare Angle
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3.1 Design and configuration

To study frequency allocation, the flare angle of each antenna from the
previous section has been changed from 60” to 90°. Figure 4 shows 90° flare angle
of GOMPARANY (hereafier 90MPARANY), T60PARANY1 (hereafter
TOOPARANY 1}, and TGOPARANY2 (hereafter TOOPARANYZ2). All antennas are
printed on 8 62-mil thickness Regers RT/Duroid 5880 (5 = 2.2), fed by 50
microstrip line and have a ground plane at the back of the feed line. The heights
of each antenna and slot height are the same as those in the previous section.

3.2 Measured rosults

Measured return losses of the antennas with 90° flare angle are compared
with 60° flare angle in Figure 5. All three 90° flare angle antennas show four
frequency operating bands however it can be seen that the resonant frequencies
are shifted to lower side. It is expected because the length of antennas side has
been increased. The figure alse shows better impedance matching at the second
and third band of the 90MPARANY and third bands of the TSCPARANY1 and
TSOPARANYZ. The input impedances 62 + j26 and 51.5 + j14 for the second and
third bard of the 60MPARANY respectively have been changed to 50.1 — j3 and
32.7 - J1.0 for the second and third band of the 90OMPARANY respectively. The
reactances at the resonant frequencies decrease aimost 10 zero.

The center frequencies of the bandwidihs of each band and bandwidths of
the antennas with 90° flare angle are summarized in Table 2, 3, and 4. It shows
that from the 60MPARANY to 90MPARANY, the center frequencies are shifted
8.5%, 20.4%, 22.7%, and 14.7% down for first, second, third, and fourth band
respectively. The bandwidths of antennas with 90° flare angle are increased or
maintained the same level as the 60° flare angle with the exception of the first and
second bands of the TOOPARANY 1,
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Table 2. The center frequencies and bandwidths of the 60MPARANY and

OMPARANY,
/- (GHz) Bandwidih {VSWR<2) (%}
Band # 1 2 3 4 1 2 3 4
60MPARANY | 118 | 392 | 811 | 1617 | - | 126 | 191 | 249
9OMPARANY 108 | 312 | 627 [ 1379 | - | 218 | 21.7 | 373
Freq. Shift {lower) | 8.5% | 20.4% | 22.7% | 14.7%

Table 3. The center frequencies and bandwidihs of the TE0PARANY 1 and

TSOPARANY 1.

F.(GHz) Bandwidth (VSWR<2) (%)

Band # 1 2 3 4 1 2 3 4

T6OPARANY1 | 157 { 3.85 | 782 | 1558 | 185 ] 101 | 22.4 | 23.7

THWIPARANY] 147 2.97 6.66 14 B0 - 33 204 | 295
Freq. Shift (lower) | 6.4% | 229% | 14.8% | 5.0%

Table 4. The center frequencies and bandwidths of the TGOPARANY2 and

TSOMARANYZ.
/- (GHz) Bandwidth (VSWR=<2) (%)
Band # 1 2 3 4 | 2 3 4
TGOPARANYZ | 186 | 433 | 758 | 1612 | - | 46 |193 ] 247
TOOPARANY2 | 1.76 | 302 | 652 | 1501 | - | 33 [222] 233
Freq. Shift (lower) | 5.4% | 303% | 14.0% | 6.9%

The simulated radiation patterns of antennas with 90° flare angle using
CONCERTO also show close patterns with the antennas with 60° flare angle.
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4. Conclusion

Six different monopeles including modified parany gasket monopole and &
couple of truncated versions of it with 60° and 90° flare angles are fabricated and
tested to study the truncation effect and allocate its operating frequency bands, All
antennas are fed by microstrip line on a printed ground plane, which reduces the
overall velume of the antennas. All antennas show similar multiband
characteristics even when they are truncated. Especially TOOPARANY1 shows
better impedance matching and as a result, broader bandwidth compared to
GOMPARANY, The bandwidth is increased from 0% to about 19%. The
T60PARANY ] only has half the size of the 60MPARANY,

Antennas with 90° flare angle show each band shifted lower than those
with 60° flare angle. This is expected because antennas with 90° flare angle have
longer side length than antennas with 60° flare angle. The frequencies are shifted
approximately from 5% to 30%. Some of the antennas with 90" flare angle show
better impedance matching, especially in the case of the 9OMPARANY. The
resulis suggest that changing the flare anglc is one way to control the position of
multiple bands. Also since the truncated versions of the modified parany gasket
monopole have smaller size than the modified parany gasket monopotes (half or
iess than half), they are attractive candidates for array and mobile communication
applications.
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Figure 1. Modified parany gasket monopole and its truncated versions with 60"
flare angle {a) Modified parany gasket monopole (60MPARANY), (b) Truncated
version of modified parany gasket monepele 1 (TGOPARANY1), (c) Truncated
version of modified parany gasket monopole 2 {(TSOPARANY2).
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Figure 2. Simulated and measured return losses of the antennas with 60° flare
angie. (a) 60MPARANY, (b} TGOPARANY L, (¢c) TEOPARANY2, {(d) comparison

of the measured resnlis only.
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Figure 3. Radiation patterns of the 60MPARANY, T60PARANY! and
T6OPARANY2 at ¢ = 90°,

253



(a) (b)

{©)

Figure 4. Modified parany gasket monopole and its truncated versions with 90
flare angle. (a) Modified parany gasket monopole (SOMPARANY), (b) Truncated
version of modified parany gasket monopole 1 (T9OPARANY1), {¢) Truncated
varsion of modified parany gasket monopole 2 (TO9OPARANY?),
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Figure 5. Comparison of the measured return losses of the antennas between 60
and 90° flare angles. (a) GOMPARANY vs. 90MPARANY, (b} TSOPARANY] vs.
TXOPARANY1, (c) TGOPARANY2 vs. T0OPARANY2.
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Abstract: Electrically small antennas conventionally operate in the vicinity
of a single tuned resonance. Either the {) is high or the efficiency is low. By
using several resonators effectively connected in serjes, the input impedance
can be made a periodic function of frequency, With the proper
transformation of the input impedance, the impedance bandwidth can then
be extended to a limit determined by allowable complexity and available
space. However, the bandwidth determined by satisfactory power gain may
not coincide. Since the antenna is small, the radiation pattern does not vary
much with frequency. But, when the radiation and conduction losses from
each pair of adjacent resonastors are small, the phase between them
approaches 180 degrees. As a result, the far fields of adjacent radiating
resonators tend to caneel at the frequencies between the resonances of the
individual resonators. In this band, the conductive loss may equal or exceed
the radiation loss and the efficiency will be guite low. Although the match
bandwidth may be large, the gain will vary widely within the match hand
and the antenna is rendered multiband. To minimize this effect, the antenna
should retain snfficient size to produce significant radiation loss. Computer
simulations are used to show eéxamples of these phenomena.

1. Introduction

[L has been recenlly demonstrated that the unpedance bandwidth of an
electrically small antenna can be extended by using a combination of small
resonators as the radiating element (1). However, the band of practical operation
may not coincide with the band of good impedance match [2]. &t is quite possible,
indeed likely, that the efficiency of a very small antenna with large impedance
bandwidth will vary with frequency. This paper shows how such a phenomenon
originates in the case of nested-cone resonators and how the resslting gain
variation can be controlled.
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2. Efficiency and bandwidth

Concemn about the relationship between gain bandwidth and impedance
bandwidth is not of primary importance for those electrically small antennas that
operale near a single resonance. Since the radiation paitern of a small antenna is
dominated by the lowest-order spherical mode (dipole pattern), the directive g4in
does not change perceptibly over a wide range of frequency. Nor is the efficiency
rapidly varying with frequency, Hence, the gain changes very little in the vicinity
of resonance and the operating bandwidth is determined by the variation in
impedance. This situation may change when multiple resonances are introduced
in an effort to increase the maich bandwidib. While the impedance bandwidth can
be enhanced in this way, it does not necessarily follow that the gain bandwidth
will be unaffected.

The problem becomes apparent when a complete analysis is performed on
a double-resonator system like the two nested conical resonators shown in Figure
1. The radiating system is formed by placing three cones with a commeon axis in
close proximity, having apices as nearly coincident as physically possible. Tn the
system of Figure | the lower cone has a polar angle of 90 degrees, becoming
thereby, a plane. In a physical embodiment, the system is fed by a coaxial cable,
the shield of which is connected around a hole centered at the apex of the lower
cone. The center conductor passes through a hole at the apex of the middle cone
and attaches to the upper cone at its apex. For the computations done here, the
feed system is modeled by a conducting cylinder that extends between the bottom
and top cones, passing within a hole at the apex of the center cone. The antenna
is excited by a ring of voltages sources that gird the feed cylinder. With this feed
model there are no currents on the shield of the coax. In practice, the shield of the
coax should be isolated from the antenna fields to improve the agreement between
the computed and measured results.

Each cone extends from the feed region to specific radial distance, at
which the cone is truncated at a constant distance from its apex. Although these
truncation distances may be eqgual, there is no requirement that it be so. The
lower and middle cones form one resonator. The middle and upper cones form
another. When the polar angles that definc each cone are within ten or 50 degrees
ol each other, each resonator has a rather high value of €. This contrasts with the
conventional biconical antemna where the angles are much larger and the
impedance behavior for antennas having greater than a minimum length is
essentially non-resonant.

The system can be made electrically small by loading each resonator in
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such a manner that the resonant frequency is reduced. In Figure 1, each resonator
is loaded with inductance placed on the rim. Acmally, there arc four such loads
connected across the aperture of each resonator. When appropriate values of
inductive reactance are achieved at ke loads, each resomator individually would
display a rcsenance when the cone lengths are less than one-quarter wavelength.
The software used here permits the user to specify an arbitrary surface impedance
for euch patch. The frequencies of resonance are therefore adjusted by specifying
inductive surface reactances of appropriate values for the paiches that reside on
the vertical conducting strips that are attached between the rims of adjacent cones.
The surface resistance of these same patches is set by specifying the 0. In the
firsl analyses the resistance of all other patches was set to zero (perfect
conductor). In the last case, the surface resistance was taken to be characleristic
of copper at 100MHz.

Since the resonators are open at the truncation, radiation will occur.
Power is lost from the resonators by both radiation and dissipation.. Of course,
the amount of radiation depends upon the size of the system in wavelengths.
When the inductive rcactance of the combined loads on an individual resonator is
large, the size reduction al resomance can be large, but the radiation from the
resonater will be small and the resulting resonator will have a low efficicncy. The
input impedance of such a lossy resonator is similar to that of a parallel RLC
{tank) cirewit.

The method of feeding described above is equivalent to placing two tanks
in series. When the two resonances are slightly displaced, the input impedance
will cross the real axis of the Smith Chart at two closely spaced frequencies.
Between the resonant frequencies, the impedance will form a loop on the chart,
the size of which depends partly upon the separation of the resonant frequencies.
By changing the values of the terminating inductors on one resonator, the size of
the loop can be changed; smaller as the resonances move together, larger as they
move apart. When a sufficiently small loop has been obtained, addition of a
transformer at the input will center the loop on the chart so that the magnitude of
the reflection coefficient will remain almost constant for all frequencies between

the rescnances. This conforms to Fano's criterion lor maximum impedance
bandwidth [3].

In Figure | the indoctive loads are modeled as reactive strips that are
connected {rom the nm of one cone to the rim of the adjacent conc. Four strips
are placed on each cone, equally spaced in azimuth in an effort to maintain a
radiation pattern that is nearly omnidirectional. The triangular patches shown on
Figure 1 were vsed in a moment-method analysis. The first results were obtained
by using the Finite Element Radiation Model (FERM). The FERM package is a
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method of moments techmique vsing the Rao, Wilton, Glisson (RWG) basis
function [4]. It was not possible to analyze extremely small patches using this
procedure. As a result, it was impossible to accurately model the feed. A new
code, low-frequency method of moments (LFMOM) [5], was written recently to
extend the basis functions to loop-tree [6] in addition 1o RWG |

Some results for input impedance of a double resonator computed using
LFMOM are shown in Figure 2. The loop on the Smith Chart was ohtained by
using different inductors on each of the two conical resonators and adjusting these
inductive terminations to move the resonances until the loop was the desired size.
In Figure 2, the radius of the loop approximately cotresponds to IF% = 0.5 (SWR
= 5.85). Half-power points are conventionally used to define the limits of the
match bandwidth, even though more stringent requirements are often used,
particularly for larger antennas.

In addition to the input impedance, the LEMOM code produces values of
the far field. These values arc integrated by the code to also produce values of the
dircctive gain. The efficiency can then be obtained by comparing the radiation
resistance (o the input resistance [5]. Figure 3 shows that the ef ficiency varies
with frequency: lower values coinciding with the band of best match.

3. Analysis of system of two tanks in series

The basic phenomenon that causes the dip in efficiency can be illustrated
by some analysis of a series connection of the two tank circuits shown in Figure 4.
The admittances of each tank are given by

1
Y, =G, + (jwC, + ————
i % (J ‘ Hk_i_ijk}
1
. ) A T S ,
=f—’g+(l_(_'}2+f'_[_t] Rx}"ka“"' J'Qj_}
wt mk ‘Li

where @, =(L,C, ) 2 and Q, =mL%k :

Figure 5 shows the variation in phase difference of the voltages across the two
tanks in the vicinity of the resonances ) and oy for various values of Gy,
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The important points to notc about these resulls are;

(1) when the losses are low (high valucs of Gy, the phasc difference
between the voltages is approximately 180 degrees in the frequency span between
the two resonances, and

{2) as thc losses increase {lower values of (7)), the phase differcnce
decreases.

From the above analysis it is Lo be expected that, when losses in the
resonators are small, the voltages across the apertures of the stack of two conical
resohators would be almost opposile in phase across the band between the two
resonant frequencies. It follows that the radiation from the two resonators would
approXimately cancel at those frequencies and the net radiation would be small.
When the radiated power is small, the power censumed in conduction losses in
the antenna structure may dominate. This would account for the low values of
cfficiency lor frequencies between Lhe two resonances.

In order 10 counter the canceling effect of the resonator voliages, it is
therefore imperative that the nct radiated power be maintained at a high value,
especially for those frequencics between resonances.

4. Computational analysis of a two-resonator system

The above analysis suggests that the cfficiency could be increased by
making the antenna larger with respect to the wavelength, This hypothesis has
been tested by performing the LFMOM analysis on an antenna with the values of
the terminal inductors reduced se that the resonances will occur at higher
frequencies. The parameters of the antenna and the computed impedances are
shown in Figure 6. The results of transforming the computed impedance by ratios
of 0.5:1 and 0.15:1 are also shown. Since both the mismatch and efficiency are
recognized to be functions of frequency, shifting the impedance loop to the center
of the chart is not the best cheice to maximize the (actual) gain bandwidth. A
better choice would be to minimize the mismatch loss in the range of freguencies
at which the efficiency is lowest, The efficiency was computed for an antenna
having conductor loss as well as dissipation in the inductors. The results are
shown in Figure 7. The difference in the efficiency caused by lossy conductive
surfaces rather than perfect conductive surfaces in the antenna is small. A
transformer with an impedance ratio of 0.14:1 provides a good approximalion to
best match at 163 MHz.

Figure 8 presents several computed gains as a function of frequency in the
neighborhood of the resonances. As cxpected, the directive gain {DGDBI) is
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very nearly constant. Howcever, because of the reduced efficiency between
resonances, the power gain (PGDBI1) is nearly 10 dB below the directive gain at
about 163 MHz. This shows a marked improvement over the case shown in
Figure 3, where the efficiency varies from less than 1% to about 10%. An
increase in the operating frequency from near 100 MHz to about 160 MHz causes
an increase in the cfticiency to a range between 10% and 26%, cven though the
vale of @ for the 1oad inductances has been decreased by a factor of 10. By using
a transformer with impedance ratio of 0.14:1, the minimum mid-band actual gain
(AGDB1) (includes the effect of both efficiency and mismatch loss) is realized
near 163 MHz and does not vary much more than 3 dB from that value over the
band from 154 to 177 MHz, a fractional bandwidih of 0.14 (Q=7.1). This result is
obtained from an antenna structure (hat will 1it within 2 sphere with radius of
19.95 cm. At 163 MHz, the corresponding value of ka is equal to 0.68. When
this value is plotted along with the minimum values of O computed from the
Colin/Rothschild/McLean formula [2] as shown in Figure 9, it corrcsponds to an
efficiency ol about 78%. Even though the antenna of Figure 8 does not have a
FBW that exceeds the theoretical maximum for a single resonator, the design
concept utilizing maltiple resonators holds the promise of achieving that result
since the antenna in question occupies only 15% of the volume of a sphere of
radius ka = 0.68. The malch bandwidth can be readily extended by adding conical
resonators to the stack without exceeding the previously established radius for the
enclosing sphere.

3. Conclusions and plans for the future

It has been demonstrated that the resonator voltages of systems of series
cennected anti-resonant devices have phase differences which may vary widely
across the band between adjacent resonant frequencies. When antenna systems
arc composed of such components, a difference in voltage phases can cause
diminution of the radiated field, producing thereby a decrease in the efficiency,
Since the phase difference is reduced by the presence of loss in the system, it is
advantageous for a radiating system to maintain sufticient electrical size in the
resonators to produce significant radiation, In this way, the variation in the
efficicncy can be minimized. As the clectrical size of the radiator is decreased by
means of loading thal is predominantly reactive, it may be necessary to add
dissipative loss to the antenna in order o reduce the variation in the efficiency at
the expense of overall decrease in the efficiency,

An oplimuin design for reduced-size, muiti-resonator antennas has not
been found. A parametric study 15 needed. Since basing such a study on
experimental data is impractical, given (he number of parameters, computationa)
modeling is in order. Up to this point, quasi-network modeling, combined with
compuler analysis based upon approximate models, have been used for both



design and evaluation. As a result, the agreement between measurements and
computations is only qualitative.  Although progress has been made in the
analysis of fine features of the antenna, further improvements in the source model
should be attempted.  Also needed are techniques for more accurately
representing the reactive loads.  Finally, the computer predictions must be
validated with careful mcasurements. A rosearch program encompassing these
advamces is currently underway.
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Figure 1. Nested set of two conical radiating resonators with feed region
arranged for series connection, four (three visible) inductive strips arranged
symmetrically around the periphery of ecach resonator.

Thetal =20, Theta2=80, Theta3=70 deg
Radii: Duter=18.75, Inner] ,3=0.2, lner2=0.3 cm
¥s1-12.6, ¥52=9.0 chmsisq, (1,2=100 (@ 100 MHz

Frequengcy, 89 - 100 MFL: m 0.5 MHz steps

Series Reactance = 0,035 Frequency (MHz)
Transformer Ratio = 0.236:1

Figure 2. Computed impedance locns for a double resonator (DR) antenna
plus a 5.57 nH inductor and g 0.236:1 transformer.
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Magnitude Squared of Reflection Coefficient/Efficiency

Fig 3.

Thetal =50, Thela2=80, Theta3=70 deg
Radi: Duter=18.735, Itierl, 3=002, Innec?=0.3 cm

Xs1=12.6, ¥52=9.0 ohms/sq, Q1,2=100 @ 100 M-
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Series Reactance - (035 Frequenoy (MT1z)
Transformer Ratjo = 0.236:1

Magnitude squared of reflection cocfficient for double resonator
antenna with a 5.57 nH inductor and an ideal 0.236:1 transformer.
Efficiency values are for antenna only, no losses have been included for the
inductor and transformer. When determined on the basis of impedance
match alone, the FBW for this antenna is 0.0425 (Q=23.5). At 160 MHz,
ka=0.42.
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Figure 4. Schematic diagram of lwo series-connected tank circuits.

Relative Phase of Voltages Across Series-Connected Tank Circuits
G=0.001, 0.0 5, R=5 chims, Q=10, Sqrool=0.00]
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Figure 5. Relative phase of voltages across the series-connected tank circuil
with two different values of the shunt conductance,
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Thetal=90, Theta2=80, Theta3=70 deg
Radii: Ouvter=18.75, Inner1,3=0.2, [oner?=0.3 ¢t
Xs1=3.0 Xs2=18 ohmsfsq, Q1,2=10 @ 100 MHz

1

Strip angle =2 deg, R1=1.14, R2=0.728 ohms, L1=182 L2=116nH

Figure ¢. Computed inpnt impedance for a double-resonator antenna of the
type shown in Figure 1, as seen through transformers with impedance ratios
of 1:1, 0.5:1 and 0.15:1.
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Thela 1=96), Theta2=g{), ThelaI=70 deg
Radlii; Quter=18.75, Inner],3=0.2, Inner2=0.3 cm
Xi]-’i W Kx2=1.8, Keurf=0.0035 ahmsfsg, Q1 2= 108 1K) ‘h'IHz
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Figure 7. Computed efficiency versus frequency for an antenna similar to
that shown in Figure 1, but with the parameters given above.

Thetal=90, ThetaZ=8), Theta?=70 deg
Radii: Oueer=18.75, Inncel,3=0.2, Tnnec2=0.3 cim
Kul=3.0. X=2=1_8, ¥surf=0), U{ES uhmsth. 21, 2=10v@ 106} MH»#

&=
2
e o uiumm?un --------- AL e uommmwaﬁqmtmm.-
g
i
G 0.0
=
3 aw
o
o
F a4n
G}
%’ 6.0
3
Lo
T -l L
E .
i
& -lao : - i . :
150 154 1641 165 170 175 1R

Freguensy (MHZ)

Figure & Gains calcnlated lor stacked conical resenator antenna of Figure 7.



Comparison of @ Computed fur Double-Eesonator Antenna (Qc)
and Values of Minitmem O (for Efficiencics of (.5 and 1.0
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Figure 9. Value of ) computed for double-resonator antenna with average
efficiency of about 0.2 and the minimum Q predicted for antennas with
efficiencies of 0.5 and 1.0.
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Absiract:

Progress in  Microstrip antenna surrounded to  bandwidth
cnhancement. Paper demonstrates the comparison of patch parallel to
substrate and 45 degree inclined to the substrate edge. Similar comparison
will be based on bandwidth enhancement for the same type of antenna by
loading technigque. Experimentation result conform that the bandwidth is
cnhanced to the loading methods. Results also compare the parallel and
inclined Microstrip antenna to the substrate materials.

1. Micro strip Antenna;

Micro strip antenna consists of a patch of metallization on a grounded
substrate. These are low profile, light-weight antennas most suitable for
acrospace, manpack and mobile applications. Because of their low power
handling capability, these antennas could be used with transmitter and receiver
apphications. Micro strip antenna has matured considerably over the last 30 years
and many of their limitation have been overcome, These antennas relates to the
progress in bandwidth enhancement, combating surface wave effects,
developrment of compact antennas, active antennas and reflect array, and progress
in the analysis tools[7].

Major operational disadvantages of the microstrip antenna are their low
efficiency, low power, high Q, poor polarization purity, spurious feed radiation
and very narrow frequency bandwidth, Bandwidth is typically ranging from 5 to
50 percent [6]. Various technigues have heen suggested for bandwidth
enhancement. These are include: use of thick snbstrate with low relative dielectric
constant &1, choice of suitable feeding technique, introduction of coupled modes,
impedance malching and resistive loading [7].
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The substratc in micre strip antenna is used to support the patch
metallization. The dielectric constant of the subsirate affects the confinement of
fields and reduces radiation if a high value of cr for the substrate is used.
Therefore, substrates with er < 2 are generally used for broadband micro strip
antennas. It is to be noted that the bandwidth increases almost linearly with
substrates thickness t, and 4 higher value of er decreases the bandwidth. The
confinement of fields can be expressed quantitatively in terms of quality {actor Q
of the antenna, which is defined as eq. (1) [1, 7].

Q=— (1

where W1 is the wotal energy stored per cycle is the resonant frequency and
Py 15 the total power loss and w is resonant [tequency. The power loss is
attributed to conductor loss ( £,}, diclectric loss ( P, ), surface wave 1oss ( P} and

radiation loss { F.) which is expressed in eg, (2} [1, 4].

=P +P +F +F {2)

In general, radiation loss is dominant for antennas. A lower value gr andfor
a thicker substrate will give rise to an increased fringing field and therefore larger
value of a radiated power Pr. Similarly such a substrate will provide a low value
of antenna capacitance resulting in a smaller value of energy stored Wo. The
combination of higher value of Pr and a lower value of Wy will decrease (Q of the
antenna. For narrow band micro strip antennas Q is between 40 and 50. The
relationship between, VSWR and the fractional bandwidth is given by eq. (3)(1, 5,
7]

_(VSWR-1)
OJVSWR

BW (3)
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There are three types of substrates normally used for microstrip antennas.
These arc alumina or high er substrates, composite material substrate, and
honeycomb material is lightweight, sturdy and low er near 1. Composite materials
are obtained by adding fiberglass, quartz or ceramic in suitable proportion to the
organic or synthetic materials to obtain the desired permittivily and the electrical
and mechanical properties. The most commonly used combination is that of PTFE
and glass. The resulting substrates have er between 2.17 and 2.55. Combination of
PTFE and ceramic is used fo produce flexible substrates with er near 10. These
high er substrates or alumina are used for miniaturization of micro strip antennas
often at the cost of bandwidth. Tn general bandwidth is inversely proportional to
the squarc root of the dielectric constant of the substrate [7].

2. Use of Chip Resistor Loading Technique:

Recently it has been proposed that [2], by replacing the shorting pin with a
chip resistor of low resistance, the required antenna size can be significantly
reduccd for operating at fixed frequency: moreover, the antenna bandwidth can be
greatly enhanced.

wHy

SUBSTRATE

HEIGHT

(HIF REASTOR
Figure - 1.0 Micro strip antenma with chip resistor

The geometry of a probe fed rectangular mjcrostrip antenna with chip
resistor loading is shown in figure 1. The rectangular patch had dimension =
length L » width W and the substrate had a relative permittivity £ ; and thickness 1.
A 1.0 Ohm resister was selected and placed at about the edge of the patch for
maximum resonant frequency reduction. The patch can be exited with a 50 Ohm
resistance. The resonant frequency is 710 MHz, which is much lower than that
with the shorting pin loading; moreover the 10dB return loss impedance
bandwidth is 9.3%, about 4.9 times that of a conventionat patch and 6.6 times that
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of the shorl circvited patch. Good matching condition provides a wide impedance
bandwidth. For two different spacing say g = lmm, the patch resonant at 739
MHz and has a bandwidth of 9.3%, while for g = 2mm, the resonant frequency is
742 MHz and the bandwidth is 9.8% [2].

The case shown in Table 1 is for R=10hm and C= 10pF. For the
maximurmn frequency reduction, loads are placed around the edge of the circular
patch. The corresponding resonant frequency and impedance bandwidth for
different spacing angles are listed in Table 1. Table 2 represent by combining
chip-resistor and chip-capacitor loading, a significant effect in lowering the
resonant frequency of the microsirip antenna with broadband characieristic can be
obtained with only a very slight effect on the optimal feed position, which makes
the present compact broadband microstrip antenna design very easy to implement.
The corresponding fundamental component of the resonant frequency and the
impedance bandwidth for circular patch with 32.5mm diameter is given in Table 3

i2]

Table 1: Measured resonant frequency and impedance bandwidth as
a function of angle @, between the loading chip resistor and chip capacitor
for & = 4.4, = 1.6mm, d = 21.97mm, R = 10hm, ¢ = 10pF [2].

Table 2: Dependence of the feed position, Resonant frequency, and
Impedance Bandwidth on Loading Resistance for the case € ; = 4.4, t =
1.6mm, d = 6.0mm, c=1Pf [2].

Table 3: Comparison of the antennas for £ . = 4.4, t = 1.6mm, d =
32.5mm, d =1 mm, ¢ = 0pF [2]
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l A-.'

Shorting-pin- | 23.2% 18 =
Loaded Patl:h |

For the Impedance Bandwidth, a significant increase with increasing
loading resistance is seen (Table 2 & 3). This behavior is reasonable because the
quality factor of the microstrp patch is further decreases with the introduction of
larger loading resistance (eq. 1}. The enhancement of the bandwidth is seen to be
more cffective for circular patch with the larger radius as compare (0 rectangular
patch.

3. Square Micro strip Patch Antenna:

Flgure 2 0 I'F.[lcrnst:np patch parallel to substrate edge and mcllned tﬂ
the substrate edge.

3.1 Antenna Dimension;

Because of the fringing cffects, electrically the patch of the microstrip
antenna looks greater than its physical dimensions. The dimension of the patch
along its length have been extended en each end be a distance AL, which is a

. . . \ . . W
function of the effective dielectric constant £,y and width to height ratio (?), A

very popular and practical approximate relation for the normalized extension of
the length of the rectanguiar patch is given by eq. (4) [1].
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(B + D.3}{% +{.264)

%:umz 4

W
(£ ~0258)(—-+0.8)

Where effective dielectric constant are referred to as the static vahues and
they are given by equation (5} [1].

e+l £ -1 h
Epg = 3 +—2—[1+12E] Where, 1’%}—1 (3)

€, 1 relative dielectric constant. Similarly conductance is defined as
equation (6) [1].

P
G; 2 =l Also G, = d
W 1207°
(6}
kW ’
|V [2 | Sin{———cos )
Where, radiation poweris P, =—= Z sin’ G460
. b cos
()
1
| sinf—=—cos &)
And I = 2 sin® G40
; cosé
(8)
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2
Figure — 3.0 the equivalent free space radiating magnetic—current line
of the microstrip antenna.

E. =C cos 2 cos {(11)
a

When the substrate thickness h is very small, then the dielectrics layer has
only a minor effect on the radiation pattern. If we neglect its effect and use the
expression given for Ez {eq. 11) under ideal open circuit boundary cendition, then
the equivalent magnetic current in the apertore is given by eq.{12}

g, =a,xnk, (12)

With respect to the figure 3.0 the equivalent free space radiating magnetic
— currer line sources are [3],
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—2hC ,,Along x=0,a

2HC , cos X, Along y =0

Im = a (13}
- 2hC 4 cos 22, Along y=b
a

The two line sources along y = 0, b arc opposilely and vary according to
cos — and hence produce no radiation in the z direction and relatively litle
a
radiation in the other directions.

4, Result and Conelusion:

The experiment is donc with the help of rectangular patch parallel to the
substrate edge. Chip resistor of LG OGhm is used for this experiment. The
transmitter manually rotates in different ungles. The receiver detects antenna
current and voltage. Similar cxperiment is done with the help of rectangular patch
45 degree inclined to the substrate edge. Once again transmitter rotutes in same
angles and same stages. Final result analyzed for the receiver current, The result
compares the patches with and without chip resistor loading technique for paraliel

and 43 degree inclined to the substrate edge. The detail results are shown in figure
4.0 to figure 13.0.

By observing all the figures (figure 4.0 to 13.0), we come to following
conclusions:

¢ Receiver current is mere linear for patches with chip resistor than the
patches without chip resistor.

* A charactenristic with chip resistor is improved for all the level of the
signals at any point.

s {haracteristics for 45 degree inclined, is slightly improved as compared to
the parallel pateh.

With the help of Table 1, 2 and 3, bandwidth enhancement can be observed.
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Abstract: Ultra-wideband technology is a technology which uses short pulses
rather than semi-continuous sinusoidal waveforms for communication,
therchy transmitting the signal energy over a wide frequency band, This
paper presents a novel ultra-wideband microstrip antenna: a modified
diamond dipole. A diamond dipole consists of two trlangular arms and was
invented in 1947 [11]. In the modified diamond dipole the straipht-line base
of the two triangolar arms (near the feed) is replaced with an arc. The
behavior of the antenna is studied using Finite Difference Time Domain
{(FDTD) method. Performance is observed by varying radius of curvature of
base of triangular arms (for constant flare angle) and by varying flare angle
(for constant radius of curvature of hase of triangular arms). We observed
that by decreasing the radius of curvatare (for constant flare angle), more
energy is radiated. By increasing the flarc angle, it has been observed that
the number of resonant frequencies increased, return loss is decreased and
performance bandwidth is increased. The impedance bandwidth has reached
a maximum for a flare angle of 20 degrees (1.5 GHz to 8 GHz). We present a
comparison of diamond dipole and modified dlamond dipole. Finally, we
show that the modified diamond dipole offers better performance in terms of
impedance bandwidth and return loss, than the diamond dipole with zero
flare angle.

1. Introduction

Ultra-wideband is a new technology with a lot of potential. This technology uses
short pulses whose duration typically ranges from a few picoseconds to
nanoscconds as opposed to the traditional sinusoidal signaling technique [1]. The
signal occupies a very wide spectrum of bandwidth. Percentage bandwidth (%%
BW) 15 an important antenna performance parameter and is defined as
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Y%BW Gt 1Y) x 100 (1)
(fy +11)

where f, and £, is the upper and lower frequency limit between which the
standing wave ratio of the antenna is less than a pre-selected value, FCC has
defined Ultra-wideband as systems, which have a signal bandwidth of 20% or 500
MHz, which cver is smaller, measured at points 10 dB down from the peak in the
signal power spectrum [2]. One of the most difficult parts in designing the 'WB
communication system is the design of the antenna. Lot of work iz done in this
atea and many antennas have been designed both for radar and personsal
communication purposes [3]-[6], [11]. Because of their broadband characteristics,
biconical antennas have been employed for many years in the VHF and UHF
frequency ranges [7]. But, because of their massive structure on one side and
allractive radiation characterislics on the other, geometrical approximations were
made resulting in triangular sheet and bow tie antenna. Diamond dipole antenna
and its counterpart, the bow-tie antetma werg investigated in {1] and in this paper,
the shape of diamond dipole antenna has been modified to obtain a better
performance 10 terms of reflection coefficient and percentage bandwidth. When
the straight line base of the triangular arms {touching the feed) of diamond dipole
is replaced with a circular are, a percentage bandwidth of above 1009 is
achieved. Flare angle and the radius of curvature are selected as the parameters,
which can be varied and adjusted to obtain a very wide bandwidth. FD'TD method
is used 1o analyze the antenna. XFDTD from Remeom Inc. {5 used as a sinulation
tool because of its versatility in obtaining the performance of a structure for a very
wide bandwidth with a single simulation run.

1. Geometry

Diamond dipolz and modified diamond dipcle are shown in Fig. 1. and Fig. 2.
respectively. A dielectric substrate 79 x 54 x 1.5 mm’® is selected and the antenna
is centered on the substrate, The length of each anm is 38mm. Initially diamond
dipole as in [i} is analyzed using XFDTD software. The shape of modified
diamond dipole is derived from diatnond dipele. The modified diamond dipole is
constructed as follows: Initially diamond dipole with selected dimensions (flare
angle, lenpih and width of arms} is drawn. Next, the straight line base of
triangular arms of diamond dipole is replaced with a circular arc (with selected
radius of curvature) in such a way that the straight line base of diamond dipole (if
present) forms 2 tangent to the circular arc. Thus the width becomes a function of
flare angle and radius of eurvature of the base arc and is generated automatically.
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The alteration of radius of curvature of base and the flare angle are shown in Fig.
3.and Fig. 4.

Fig. 1. Diamond Dipole

Fig. 2. Madified Diamond Dipole

{all dimensions are in min)
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Fig. 3. Radius of curvature alteration of modified diamond dipole

Fig. 4. Flare angle alteration of modified diamond dipole
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A cell having dimensions of Ax = Ay =lmm, Az =0.5mm is chosen following the
guidelines outlined in [B][9]. A problem space of 140 x 100 x 65 is chosen and the
anlenna 1% centered allowing 15 cells for Liac boundary on ull sides of the
antenna. A dielectric substrate having a relative permittivity of 4.7 is chosen as
diglectric material. A modulated Gaussian pulse having a pulse width of 512 time
steps 15 chosen and the simulation is run for 10000 time steps. The Giaussian pulse
used for excilation is shown in time demain in Fig. 5.

03

nz

=
o

o

Voltage (V)

LI

time {(ns)
Fig. 5. Time Domain representation of medulated Gaussian pulse used as a source

Table 1
Information about the antenna models

Antenna Semi-flare angle («/2) in | Radius of curvature

Model degrees of base (R} in mm
MDIDO-A1 X7 20
MDIDO-AZ 27 30
MDIDO-A3 27 440
MIIDO-B1 35 20
MDIDO-B2 35 3
MDIDO-B3 35 40
MDIDO-C1 45 20
MDIDD-C2 45 30
MDIDO-C3 45 40
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3. Behavior of modified diamond dipole

Semi-flare angle {o/2) and radius of curvature (R) are varied to get nine antenna
designs, using which the behavior of modified diamond dipole is analyzed. Semi-
flare angles of 27°, 35°, 45° and radius of curvatures of base {of triangular arm) of
20mm, 30mm, 40mm are selected and nine antenna designs are formed and
tabulated in Table 1. All parameters like the cell size, source details are kept
unchanged for all the antenna models.

Initially, flare anple is kepl constant and antennas are analyzed for
different radius of curvatures of the base of triangular arms of modified diamond
dipele. Hence MDIDO-AL, MDIDO-A2, MDIDO-A3 {Fig. 6.} and MDIDO-B1,
MDIDO-B2, MDIDO-B3 (Fig. 7.} and MDIDO-C1, MDIDO-C2, MDIDO-C3
(Fig. 8.) are compared individually for return loss (811} Next, radius of curvature
of the base of triangular arms of modified diamond dipole is kept constant and the
flare angle iz modified. Hence MDIDO-AL, MDIDO-B1, MDIDO-C1 (Fig. 9)
and MDIDO-AZ, MIHMDO-B2, MDIDO-C2 (Fig. 10.} and MDIDO-A3, MDIDO-
B3, MDIDO-C3 (Fig. 11.) are compared for return loss (S§1).

I — MOIDCRAT
i s MDIDO-A2
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Fig. 6. Return Loss vs. Frequency for antetna models MDIDO-AL, MDIDO-A2,
MDIDO-A3
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Fig. 7. Retumn Loss vs. Frequency for antenna models MDIDO-B1, MDIDO-B2,

MEGIDCHBY
MBbIOo-B2
MDIDC-BS
MOIDO-C
WMDIDO-C2

DI

. WMDIDO-C3

i
L]

—+- DIDO

4

Frequency (GHz}
4

Frequancy (GHz)

e e m e ———
e e m e — - ——

MDIDO-B3

3

1
1
A
1
1
R NS
1
1

e -

% I
T i
A

1 ——
Mp---a---=-=-F---=--

K-, SR
- A,

'
[

=] [z}

— —
fl '

(@n) s=er wan

(8P e5e wiyay

x 10

5

284

Fig. & Return Loss vs. Frequency for antenna models MDIDO-C1, MDIDO-C2,
MDIDO-C3



1
-

]

T
o DD
MBRIRQ-A1
« MDBIOD-B1
- MBIDO-£A

ETI

Fig. 9. Return Loss vs. Frequency for antenna models MDIDO-A L, MDIDO-B1,

Frequency [GHz)

MDIDO-C1

-—  MOOS-C2

~ DO -
— - MOID-AZ
v MDIDO-EZ -

e e =l oA
1
1

RS U U U

16— -

|||||||

1

1
e

'

20
28
Bl
-

i

[BF] BECT WiiEy

4 5

Frequency {GHz]

3

Fig. 10. Return Loss vs. Frequency for antenna models MDIDQO-A2, MDIDO-B2,
MDIDO-C2

285



! . --t-- DHDWS
 |] I . ' - — MDIDC-AL

Ratem Lass (dE)

-
.
&b -
-
k=]

Froquengy (GHz) « 107

Fig 11, Retumn Loss vs. Frequency for antenna models MDIDO-A3, MDIDO-B3,
MDIDO-C3

4, Inference from the plols

From Fig. 6., Fig. 7., and Fig. 8. we have seen that for constant flarc angle, if the
radius of curvature of the base of the triangular arms is increased, there is a slight
shift in resonant frequencies towards the left. From Fig. 9, Fig. 10., and Fig. 11. it
is seen that for constant radius of curvature of the base of the triangular arm, if the
flare angle is mcreased the number of resonant frequencies increased. Also there
is a decrease in return loss with increase in flare angle.

5. Justification

In order to justify the shape modification of diamond dipele, Fig. 12., which is a
blend of diamend dipole and modified diamond dipole is considered. This can be
explained by taking the current density into account. Consider the portions A and
B. In diamend dipole the current density exists on both A and B portions, shown
in Fig. 12. In case of modified diamond dipole, portion A is absent (removed).
Portion B has to accomumeodate the entire current present.
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Fig. 12, Justification model-I

Any patch antenna can be modeled as a simple LC resonant circuit {1¢]. There
will be different current densities at different portions of the antenna structure and
these L and C values of the resonant circuit depends on the sirenpth of these
current densities, and the path and distance they travel on the antenna structure.
The introduction of a circular arc base has a varied inductive effzet. The modified
diamond dipole can be divided into 5 regions as shown in Fig. 13. In region R1,
diamond dipele and modified diamond dipole have almost the same size, and
hence the current path is same for both the antennas in R1. In regions R2 and R4,
modified diamond dipole has smaller area than diamond dipole and hence the
current path 1s reduced {current density is inereased). This can be modeled as a
reduction in the inductance (shown in Fig. 14.). 1n regions R3 and R4 modified
diamond dipole has a much smaller area than diamond dipole which accounts for
much smaller current paths and a still reduced inductance. The equivalent circuits
are shown in Fig. 14 . Hence the antenna acts a triple resonant circuit. This is the
case for smaller flare angles. But if either the flare angle or the radius of curvature
increases 10 a larger extent, it has the effect of increasing the arc length. In such
case the antenna can be modeled as a resonant circuit of more than three resonant
frequencies, since with the increase of the flare angle, the arc region increases
{Fig. 13.) and hence the antenna can be divided into more number of regions and
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hence modeled as an equivalent resonant circuit consisting of more resonant
frequencies.
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Fig. 13. Justification model-II
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of region R of regions R2, R4 of ragions R3, R5

Fig. 14. Resonant circuits for justification model-11
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For constant flare angle, if the radius of curvature of the base of the triangular arm
is increased, the effect can be modeled as an increased inductance and decrease in
resonant frequency. Hence there is a slight shift in resonant frequencies towards
the right. For constant radius of curvature of the base of the triangular arm, if the
flare angle is increased, there would be more sections of the antenna structure
with different inductive effect. Hence the number of resonant frequencies
increases with increase in flare angle.

1 38 1 38 1

Fig. 15. Coordinate where current density {Jx is measurad)

Fig. 16. shows a comparison of current densities measured at a point (60, 60, 33)
of DIDO (diamond dipole} and MDIDO-AL. We observe that the current density
at the point {60, 60, 33} is higher for modified diamond dipole than for modified
diamond dipole. Now, 1o compare current densities of models having the same
flare angle and different radius of curvatures of the base {of arms of modified
diamond dipole) we have selected all the antenna models from MDIDO-AL,
through MDIDO-C3. Fig. 17., Fig. 18, and Fig.1%. shows a comparison of current
densities of respective modified diamond dipoles measured at the same point. We
observe that current density decreases as the radius of curvature of base increases.
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Hence the current density agrees well with the explanation given above. It can be
said that humber of resonant frequencies is a function of Flare angle (or the length
of circular arc base) and return loss is a function of radius of curvalure of base and
Flare angle and lastly the value of resonant frequencies and bandwidth, a lunction
of radius of curvature of base, Flare angle,

Hence radius of curvature of the base of triangular arm of modified
diamond dipole has control over the return loss to a great extent (though the flare
angle to some cxtenl has control) and flare angle has control over the number of
resonant frequencies. Radius of curvature of base also has control over the
placement of the frequency band (S11 less than -10 dB) to a great extent, though
the flare angle also has contrel over the frequency band, but to a lesser extent.

6. Design

From Fig. 6 through Fig. 8. we see that the return loss decreases as the radius of
curvature decreases. The reason behind that is that for small radius of curvatures
there is a smoother transiticn from the arc shaped base to the sides of the
triangular arms of modified diamond dipole. Hence for a given flare angle, the
smallest radius of curvature of the base gives the lowest return lass. The smailest
radius of curvature for a given flare angle is nothing but the radius of In-circle of
the irangular arm as shown in Fig. 20.

Fig. 20. Modilied diamond dipole with base having radius of curvature equal to
the radius of the incircle of friangnlar arm of diarnond dipole
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Three antenna models with the radius of curvatures of base equal to the radius of
in-circles of triangular arms of respective antennas have been developed.

Table 2
Information about the most efficient antenna models in terms of return loss
Antenma Model Semi-flare angle («/2) in | Radius of curvature (R)
decrees in mm
MDIDO-EFF1 27 12
MDIDO-EFEF2 i3 13
MDIDO-EFF3 45 15

Fig 21, shows a comparison of return loss of the antenna models shown in table
2. From Fig. 20. the return loss for modified diamond dipole with fiare angle 27°
has crossed the -20 dB mark (for all the ﬁaqu-:ncms of resonance} and that for
modified diamond dipole with flare angle 35°, return loss has crossed the -15 db
mark {for all the l"requenmes of resonance) and that for modified diamond dipele
with flare angle 45°, the return loss has crossed the 25 dB mark {for almost all
the frequencies of resnnance]. The reason for obtain four resonant frequencies for
all the flare angles can be attributed to the length of the base arc. Though the
return loss at the frequencies of resonance is large the percentage bandwidth is
small.

As the flare angic @ — 180, & — 18mm (twice the length of the anm of modified
diamond dipole) and in such case the modified diamond dipole would transform
inlo circular dipole with each arm having a radius of 18mm. This is shown in Fig.
22, al, bl, a2, b2, cl, c2 are the sides of triangular arms of modified diamond
dipole. Fig. 23. shows the return loss of circular dipole. We have selected 90° to
be a flare angle of the modified diamond dipole to study. The reason is that, as
we have studied that as the radius of curvature increases (or with an increase in
the arc lenglh) the return loss increases which happens if we increase the flare
angle. Also for very large flare angles (a>>90) the shape of modified diamond
dipole approaches the circular dipole (from Fig. 22.) Hence 90° (which is the
angle in a semi cirele) is chosen as the angle of interest . Hence the antenna with
flare angle 50", is tested for various radius of curvatures of the base of triangular
arms. A value of 20mm as radius of curvature yielded the larpest percentage
bandwidth of 136.84%. Fig. 24. shnws a plot of return loss vs. frequency of
modified diamond dipole with 90 flare angle and 20mm radius of curvature of
base of the arms.
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7. Conclusions

The shape of diamond dipole is altered in such a way that the straight line base of
the {riangular arms is replaced with a circular arc and the resulted antenna is
named the modified diamond dipole. Flare angle and radius of curvature of base
of tnangular arms of modified diamond dipole are selected as design parameters
and a destgn to obtain a percentage bandwidth of 137% {on a —10dB scale) has
been proposed. This percentage bandwidth is very much larger than that obtained
for diamond dipole. Hence modified diamond dipole is a better design than
diamond dipole for use in a 50 ohm system,
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The Coaxial Cavity Antenna Implementation in the N-Port (Four
and Eight) Feed Configuration

Dr. Tim Holzheimer, P.E.
Raytheon
Tactical Systems
Garland, Texas 75042

Abstract:

A coaxial cavity antenna, developed and patented by Raytheon, exhibits low
dispersion over wide field-of-view {FOV) and multiple ectaves or Ultra Wideband. This
antenna is typically fabricated as a four point feed design, but an N-port, and specifically
an eight-port, design is described. Both Finite Element modeled data and test data is
presented on 1 to 2 GHz and 2 1w 4 GHz versions of the four- and eight-port coaxial
cavity antenna, as shown in figure 1. This antenna has essentially a flat phase and
amplitude response over a +/- 60 degree FOV. The antenna design is scaleable over
multiple frequency ranges, and antennas have been built covering frequency ranges from
20 MHz to as high as 44 GHz, with bandwidths on the order of four and ane-half octaves.
Multiple polarizations are still possibie, but different mode responses are exhibited for
each four-port versus eight-port feed design, The eight-port design is compared to the
four-port with respect to the natural polarizations radiated in each case. Natural base
polarizations are still dual linear, but coincident medal pelarizations can be made the
samie or different depending en the applicaticn. The case of a menopulse tracking feed is
itlustrated with the presented data. Performance differences are noted for the four- versus
eight-port feed designs.

Figure 1. An Eight-Port Fed Raytheon patented, Coaxial Cavity Antenna.
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1.0 Introduction:

The Couaxial Cavity antenna is one of numerons antennas that attain multi-octave
bandwidth. Other examples include spirals, sinuous, TEM type structures and other
variattons such as Zig-Zags and Interlogs.{1-3) Extensive work with regard to wide band
or wide bandwidth antennas operating over multiple octaves has been performed by
numerous researchers such as Mayes, and cthers. The designs have accomplished multi-
octave frequency coverage, typically in the 2 to 18 GHz or 6 to 18 GHz frequency hands.
Unlike the Coaxial Cavity antenna these structures are generally traveling wave type
structures.[4] However, they are complimentary just like the Coaxial Cavily antenna.

The sub-system perspective desires an antenna covering multiple octaves and having
multiple polarization capability, flat amplitude and phase response over field of view and
armong similar elements, low cress-polarization and high efficiency. The coupling among
arrayed elements should be small, and when installed should have high isolation,

The Coaxial Cavity Antenna was initially presented at the Antenna Applications
sSymposium 2000.[5] This was the first time a published paper had been presented
describing the Raytheon patented Coaxial Cavity Antenng, which is shown in figure 2.
This antenna 15 fully scalable over any octave or multi-octave frequency range and has
been demonstrated over the 400 MHz to 40 GHz frequency range. This antenna design is
a balanced complimentary structure that has N discrete feed points, is light weight, and
generally is unloaded, i.e. no dielecorics are introduced into the cavity structure,

The differences are illustrated when these various elements are introduced into systems
such as interfercmeters, direction finding arrays, tracking systems and various types of
phased array antennas.[6-7]

The N-port Coaxial cavity antenna is a multiple mode device and this opens up additional
applications. These include omni-directional sensing for communications and a potential
tracking feed for a large reflector. This complements the apparent out of band operation
of the Coaxial Cavity antenna,[8] Additionally, the Coaxial Cavily antenna exhibits low
dispersion characteristics that can be used in polarimeters and interferometers.[9]

There are several different types of tracking feeds, which include azimuth and clevation
monopulse and surn and delta. These tracking feeds have been previously described.[ 1]
The application of the Coaxial Cavity antenna nsing an N-port configuration as a tracking
feed is described in the following sections of this paper.

299



DEw20GHZ 05+1,1+-2)
Dual Palarlzed Coaxlal Antenna
10.5" dla. X 7.5" deep, < 6.5 Ibs

20080 GHz {2 -4, 4-8)
Dual Polarized Coaxial Antanna
2.75" dla. X 2.0" deap, = 0.5 |Ibs

Fignre 2. Raytheon patented coaxial cavity antennas illustrating scaling.
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2.0  4-Port Fed Coaxial Cavity Antenna:

The Coaxial Cavity antenna is built in four-port configuration for normal use. The use of
symmetric feed ports allows for the application of different phasing relationships that
result in the formation of different radiation modes. The Modes for the four-port that
were investigated are the mode | or sum mode and the mode 2 or difference mede. The
modes were first verified using an HFSS model of the coaxial cavity antenna[11] Two
different models were generated in order to take advantage of field symmetry and to
minimize computation time. These models are illustrated in figures 3 and 4. Figure 3 is
the model {or the mode 1 where the symmetry of the moedel is around one feed point,
Figure 4 is the mode! for mode 2 where the symmetry is around two feed points. These
simplifications did not impact calcnlation accuracy but did speed up the computational
time.

The resuttant model that has all four feeds included is illustrated in figure 5. Theoretical
data was then calculated for the frequencies of 2, 3, and 4 GHz. Radiaticn pattems were
calculated for the two principal plane cuts for both mode 1 and mode 2. These happen to
coincide with the cctave band of operation for the basic 2 to 4 GHz Coaxial Cavity
antenna. These results showed excellant mode 1 and tmode 2 radiation patterns.
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Figure 5: The complete Model of the 4-Port Fed Ceaxial Cavity

Anterina,

The Port phasing follows the outputs of the 4-port Butler matrix shown in figure 6. This
Matnix was also built and used for performing antenna range measurements of the mode 1
and mode 2 tadiation patterns. Figure 7 shows the thecretical radiation patterns calculated

with HFSS at 2, 3, and 4 GHz for both principal planes. Figure 8 and 9 show the
measured radiation patterns for mode 1 and mode 2 for the modeled 2 to 4 GHz coaxial

cavity antenna.
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Figure 6. The 4-Port Butler Malrix providing correct phasing for Modeling and

Measurements.
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Figure 7: Mode 2 difference patterns (left column) and mode 1 sura patterns (right column) computed with
the basc Coax Anlenna at 2 GHz (top row), 3 GHz (middle row) and 4 GHz. (hetem row),
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Figure 8. Mode 1 Principal plane patterns at 1, 2, 3, and 4 GHz for the 4-port fed Coaxial
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Figure 9. Mode 2 Principal plane patterns at 2, 3, and 4 GHz for the 4-port fed Coaxial
Cavity antenna.
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The Polarizahion s then checked for each mode that was measured. Mode 1 is circularly
polarized in this case while mode 2 is linearly polarized. This is illustrated in figure 10 at
the frequency of 2 GHz as measured on the antenna range. Measurements were taken
with respect to a spinning linear source, Figure 11 shows the same radiation pattern of
figure 10, but over the full octave of the 2 to 4 GHz antenna and illustrated in rectangular
plot format. The nulls that show up in the mode 1 pattern illustrate the fact that mode 2 is
linearly polarized with respect to mode 1 that is circularly polarized. This information can
become extremely important for implementation in tracking.

2.0 GHz

Figure 10. Spinning linear radiation patterns for the principal planes of the 2 to 4 GHz
Coaxial Cavity antenna at 2 GHz.
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Figure 11. Spinning linear radiation patterns over the 2 to 4 GHz frequency range for the
2 to 4 GHz Coaxial Cavity antenna. The different colors are for different frequencies over
the 2 to 4 GHz frequency range.
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3.0 B-Port Fed Coaxial Cavity Antenna:

The Coaxial Cavity antenna is then built in the eight-port configuration. The nse of
symmetric feed ports allows for the application of different phasing relationships that
result in formation of different radiation modes. The Modes for the eight-port that were
investigated are the mode 1 or sum mode and the mode 2 difference mode. Again, the
modes were first verified using an HFSS model of the coaxial cavity antenna. In this case
one model was generated. Symmetry was taken advantage of where appropriate to
minimize computation time. The model is iHlustrated in figures 12 and 13. Figure 12is a
three dimensional tilted side view showing the symmetry around the feed points. Figure
13 is a view of the model from the top showing the symmetry in the eight feed ports.
These simplifications did not impact calculation accuracy, but did slightly improve the
computational time.

Figure 12. A Three Dimensional tilted side view of the 8-port fed Coaxial Cavity antenna
showing the symmetry in the HESS model.
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Figure 13. The Top view of the 8-port fed Coaxial Cavity antenna showing the feed port
symmetry in the HFSS model,

The Port phasing follows the outputs of the &-port Butler matrix shown in figure 14. This
Matrix was also built and used for performing the antenna range measurements of the
mode 1 and mode 2 radiation patterns. Figure 15 shows the theoretical phasing applied to
the eight feed ports of the HESS model.

! T [ T T T I I
3.0 dB =101 dB 3401 dB =3.01 dB
a0 Degree ar Degree 80 Degree Ak Dagrea
-3.01 dB t -1.01 dB T -3.01 48 E =3.01 4B z
0M1E0 Dagrea 0180 Degree 180 Degree o180 Degree
-3.01 dB 3.0 dg2 -3.01 dB 3.01dB T
50 Degree 8 Degran 0180 Dugru o180 Degrea
5 -2.34 dB -3.01 dB ¥
0180 Dogran 0180 Degres
Moda 2 Mods 1

Figure i4. The Eight Port Butler matrix used for the radiation pattern measurements and
phasing used for the HFSS model.
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Figure 15. The Phasing applied te the eight feed ports in the HESS model resulting in the
mode | and mode 2 radiation pattemns.

A Proprietary Finite Element modeling code was used to verify modeling using HESS.
The results are shown in figures 16 and 17 for modes 1 and 2. Co-polarization is the solid
line and cross-polarization is the dashed line. This model had a perfect structure that was
approximaiely close to the real antenna and had perfect phasing on the antenna feed
ports. The results show excellent mode 1 and mode 2 antenna radiation patterns and very
good axial ratio. The axial ratio shews that the mode 1 and mode 2 for the eight-port
Coaxial Cavity antenna should have matched polarization responses,

The HFSS results showing mode 1 and mode 2 for the model of the eight port fed
Coaxial Cavity antenna is shown in figure 18 at the frequencies of 1,5 and 2 GHz. The
theoretical data showed a slight narrowing of the mode 1 radiation pattern at 2 GHz,
however, both mode 1 and mode 2 did show the same polarization. Measured data 15
shown in figures 19 and 20 that verifies the model data a1 1.4, 1.5 and 2 GHz. Figure 19
shows the mode 1 and 2 response to linear polarization while fignre 20 shows the
responsc to circular polarization.
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Figure 19. Measured eight-port Coaxial Cavity antenna Linear polarization response for
modes 1 and 2.

Figure 20. Measured eight-port Coaxial Cavity antenna Circular polarization response
for modes 1 and 2.
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40 B-Port Fed Coaxial Cavity Antenna Measurements Discussion:

Some discrepancies did appear in the measured radiation patterns for the eight-pert fed
Coaxial cavity antenna. It was discovered that there was an additional 6 to 7 dB of
insertion loss in the mode 1 channel over that of the mode 2 channel. In additien, the
mode 1 channel of the eight-port butler matrix did not show a 45 degree phase
progression. This 15 shown in figure 21 for the mode 1 or sum channel. The Mode 2
channel was correct in phasing and the measured phasing is shown in figure 22.
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Figure 21, The Mode 1 channel of the eight-port butler matrix showing the problem in the
required 45 degree phase progression.
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Figure 22. The Mode 2 channel of he eight-port butler matrix showing the correct phase
progression.
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The incorrect phasing shows up in the measured radiation patterns as skewing of the
pattern from radiation normal and fack of symmetry in the radiation patterns. The added
insertion loss of the mode 1 channel of the Butler matrix shows up in the difference
between the radiation peaks of mode | versus mode 2. Mede 1 should be higher than
mode 2. In some cases this is reversed and can be attributed 1o the difference in the
insertion loss of the mode 1 channel over frequency.
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5.0 Additicnal Applications:

Typical applications for these types of antennas, regardless of whether they are spirals,
homs or coaxial cavity antennas, are in use as interferometer elements, direction finders,
racdar warning receiver (RWR) antennas, phased array elements, polarimeters and others.
The mterferometer and the polarimeter place the most stringent requirements on the
antennas of the applications listed above. They require flat amplimde and phase over both
field of view and frequency of operation. Stated ancther way, if the antenna can radiate
an exact duplicate of an impulse then it will have the desired properties for use as an
interferometer and polarimeter antenna element.

The elements uscd in these systems must be balanced against desired polarizations
{usually all-polarization capable), operational frequency range, useful field of view and
detection range, which translates mto the amount of gain required of the antenna element.
Mechanical considerations also exist, such as weight, complexity, and reliability of the
design to survive operational vibration, shock, altitude, and/or other envirenmentals.

The Capability to feed the Coaxial Cavity antenna in the N-port configuration provides
the potential to use this element as a tracking feed. The particular tracking feed
requirements will determine whether a 4-port or B-port fed antenna will soffice for
tracking. Losses due to the 4-port versus 8-pert must be taken into account as discussed
in section 4. Polarization requirements on mode 1 and 2 can dictate the 8-port over the 4-
port Coaxial Cavily anlenna.
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60 Conclusions:

The coaxial cavity antenna has been described and data illustrating its low dispersion
performance has been presented previously. The coaxial cavity antenna is scaleable over
octave, multi-octave and any other desired frequency band. Numerous aperture sizes can
be determined based on desired operating frequency bands and desired gain, The self-
complimentary structure of the coaxial cavity antenna has been verified by using a four-
and eight-clement modeformer resulting in very acceptable sum {(mode 1} and difference
{mode 2} radiation patterns. The most surprising result is that the coaxial cavity antenna
appears to have excellent mode 1 and 2 radiation patterns across the octave frequency
band for which the Coaxial Cavity antenna was scaled.

The Four-port fed Coaxial Cavity antenna shows excellent mode 1 and mode 2 radiation
patterns across its oclave frequency band ef operation. However, it is shown that
although mode 1 is principally circularly polarized, mode 2 is linearly polarized. This
wonld have to be considered in any tracking implementation. The loss in the four port
feed network providing the correct port phasing is Jower than the less in the next natural
step of eight ports.

The Eight-port fed Coaxial Cavity antenna shows excellent mode 1 and mode 2 radiation
patterns across its octave frequency band of operation. Additienally, it is shown that
mode 1 and 2 are principally circularly polarized. This was modeled using a proprietary
Finite Element modeling code and HFSS. This can provide an easier tracking
implementation. However, the loss in the eight-port feed network is greater than the four
port. The phase requirements on the eight-port are more stringent, in that phase variation
that is acceptable [or the four port is not acceptable on the eight port for either mode 1 or
2. This was shown in the phase problem that was discovered in the eight-port butler
matrix used for the antenna radiation pattern measurcments.

The N-port fed coaxial cavity antenna does exhibit excellent mode 1 and 2 radiation
patterns. This was shown with Proprietary Finite Element and HFSS modeling versus
measured anlenna radiaticn patterns. The results show that mode 1 and 2 can be
supported on any version of the scaled Coaxial Cavity antenna. The only limitation is the
size of the structure versus the size of the feeds implemented. Theoretically, any Coaxial
Cavity antenna that is N-port fed can be phased to provide the desired mode 1 and 2 and
m the desired polarization.
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Abstract: In this papcr we deseribe experimental and simulation results for
ongoing research on a family of low-profile antennas. These non-resonant
canted sectors are intended to be elements for wideband array applications
where traditional patch elements cannot meet the bandwidth requirements.
To achieve stable impedance over a wide band, the proposed sectors operate
in a non-resonant mode wherein the size is greater than onc-half wavelength.
Since the elements are (oo large to operate in a periodic array without
suffering grating lobe losses, the intention is to employ them in aperiodic
(random) arrays. The resulis presented here iflusirate some of the design
compromises among the total height of the antenna above the ground plane,
achievable impedance bandwidth, and desired radiation characteristics.
Current designs show promise with over 40% instantaneons bandwidths that
maintain useful broadside radiation performance, The development of
refated  struciures that  ameliorate the poor broadside radiation
characteristics as frequency increases are also discussed.

1. Introduction

Planar microstrip antennas revolutionized phased armay technology decades ago,
To enable the next levels of array functionality, however, new array elements with
expanded capabilities and appropriate array strategies are required to operate over
wide frequency bands. While patch anlennas have many desirable characteristics,
their narrow impedance bandwidths make them wnsuitable for wideband
applications, Commen wideband antennas, on the other hand, premise increased
bandwidth, bul at the expensc of greater physical size andfor reduced gain, This
situation captures a fundamental physical limitation analogous to the gain-
bandwidth tradeoff in electrical networks. In the case of antennas, this limitation
is defined by gain-bandwidth and size. Therefore, in order to increase
significantly the bandwidth of low-profile antennas, the effective volume
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occupied by the antenna structure must be increased, There are two alternatives:
(a) increase the height, or (b} increase the lateral dimensions. These choices have
implications not only for antenna design but also attainable array performance.

In this paper, we describe preliminary experimental and sirnulation results on a
family of low-profile antennas intended for wideband applications where
traditional perfodic patch antenna aerays severely limit performance. The
following section briefly discusses the current state of the art in wideband
antennas. Section 3 presents the basic geometry of the canted sector antenna and
its operational modes. Section 4 provides measurement and simulation data to
illustrate some of the tradecffs between impedance bandwidth and broadside
radiation characteristics. Conclusions and directions for future work are included
i Section 5.

2. State Of The Art In Wideband Antennas

A number of groups are pursuing wideband and unltra-wideband antenna arrays.
The motivation for this rescarch is the ability o use one antenna aperture for a
number of applications across a large frequency spectrum, reducing the number of
antennas on platforms such as satellites, vehicles, and ships. Most often, variants
of TEM homs [1-3] or Vivaldi tapered slot antennas [4-6] are implemented and
do provide very wide band operaticn. However, these anlennas are not applicable
in many scenarios due to their large thickness, complicated and labor-intensgive
feed networks, and considerable weight.

An altermative to the bulk of these radiators is a thin, planar design. However,
thin profiles usually result in extremely small bandwidths. Several researchers
have proposed angled feed lines [7] or sloped substrates [8-10] to achieve wider
impedance bandwidths with simple microstrip antennas. However, all of these
approaches require complicated and labor-intensive fabrication techniques to
achieve the desired out-of-plane structure.  Additionally, these microstrip
elements are resonant structures, so while their bandwidth is increased with these
methods, they can hardly be considered to be “wideband.” The goal for this
praject is to achieve wideband array operation in a low-profike package. The non-
resonant canted sector antennias selected to meet this goal are descpbed in the
following scction.

3. Low-Profile Radiators — Geomaetry and Operating Modes
A basic canted triangular sector antenna is shown in Figure 1, The antenna is a

planar sheet conductor in the shape of an isosceles triangle. Along the base linc
direction, the conducting sheet is parallel to the nearby ground plane., Along the
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orthogonal direction (with the dimension L shown in Figure 1) the element is
canted so that the centerline makes a small angle {(labeled as o in Figure 1) with
the ground plane. The apex containing the centerline is ideally coincident with
the ground planc. It is this tip that is connected o the excitation means, 5o that
strict adherence to the triangular geometry is not possible neur the feed. In
practice, the excitation comes from a coaxial cable with the center conductor of
the cable connected 1o the tip of the element and the shield of the cable connected
to the ground plane.

Feed Ground plane

Figure 1. Simple wideband canted sector antenna.

Antenna impedance variation with frequency can often be associated with the
mode of operation, which, in wrn, is related 1o the size of the antenna in
wavelengths, The performance of antennas that are about one-half wavelength or
smaller in dimension is generally governed by resonance. Wider bandwidths are
sometimes obtained by utilizing muldiple closely spaced resonances. Antennas
that are greater than one wavelength in size may be non-resonant. In these cases,
operating bandwidth may be determined by patterm andfor gain performance
rather than impedance. Antennas of intermediate size may display damped
rescnances that can be used to enhance the bandwidth. The subject antenna has a
low profile and operates in a semi- or non-resonant mode when its length, L,
exceeds about two-thirds of a wavelength. Table 1 summarizes the operational
modes of the canted sector antennas.
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Table 1: Modes of operation of canted sector antennas and their respective
impedance bandwidths as a function of size (length) in wavelengths.

Operation Mode | Impedance Bandwidth { %) | Size
Resonant ~ 1% < A12
Multi-resonant | ~ 50% ‘ < Af2
Semi-resonant ~2:1 (71%) ~ A
Non-resonant = 2] > A

*Nole Lhal the operating bandwidth may be determined by pattern/directive gain requirements.

4. Measurement and Simulation Results

Several prototype antennas have been fabricated; one of these is pictured in
Figure 2. To facilitate measurements, the sizes were chosen so thai the low

frequency band limit would coincide with the low frequency capability of the test
range, 2 GHz.

Figure 2: Photegraph of a prototype canted sector antenna. For this particular design, the
antenna has the following dimensions: L = 9.7 ¢m, and § = 80", with o taking one of three
values: 5%, 107, or 15°

Simulations cf the prototypes use low frequency moment method techniques [11]
developed at the Center for Computational Electromagnetics at the University of
Olinois. At this time & new geometry generator has been wrillen that provide for
varjable size patches. The new generator uses smaller patches near the feed,
where needed, and increasingly larger patches as distance increases away from the
feed. In this way, the number of patches is rednced sufficiently to zllow the
analysis of antennas with small features near the feed, While this is important for
accurate determination of the imput impedance, it is less important for the
calculations of patterns. However, the reduction in number of patches also
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accelerates the computation of radiation patterns. We are also developing a
computational code using time domain integral equations [12] that not only
handles the small [eed region arcund the antenna tip but also enables large array
simulations using the elements.

«l

Figure 3: Measured input impedance from (0.9 GHz - 6.0 GHz for the antenna shown in
Figure 2, with L= 9.7 cm, v = 15° and f = 80°.

In a first set of experiments, the antenna depicted in Figure 2 was measured for
variable cant angles, ¢. In general, the match to 50 ohms improves and the 2:1
VSWR impedance bandwidth increases with increasing values of o Figure 4
shows the measured input impedance of this antenpa wilh ot = 15”. Therefore, a
compromise exists between the total height of the antenna above the ground plane
and the achievable impedance bandwidth. 1t is apparent that, if there is no
resiriction on the size in wavelengths, the impedance bandwidth of the simple
seclor antenna is very large. However, the radiation pattern is likely to behave in
the opposile way.

For a small sector the pattern is expected to be well-formed and stable with
changes in frequency. As the frequency increases, and the sector becomes large
compared to the wavelength, the pattern is likely to develop multiple lobes.
Measurements of radiation patterns between 2 GHz and 3.5 GHz are presented for
¢ = 157 (which provides the worst possible broadside radiation characteristics
from the range of « considcred) in Figure 4. As these measurements demonstrate,
the broadside characleristics of the antenna degrade as the operating frequency
increases. The nature of the radiation patterns is well explained by the similarity
between the canted sector and an electromagnetic horn with a long narrow
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aperture. Radiation from the aperture is naturally directed along the perpendicular
axis (6 = -90" in Figure 4). Ouly the finite ground plane prevents the pattern
maximum from occuring on the axis. However the E-plane pattern is broad since
the vertical aperture is quite small. Hence, the zenith radiation is maintained until
the vertical aperiure becomes appreciable compared to the wavelength. The
patiern is almost constant throughout the upper left quadrant, capable of
supporting the scanning of a vertically polarized beam through the entire 90
degrees.  Assuming that broadside operation is desirable, the radiation
characteristics reduce the operational bandwidth of this antenna to approximately
40% centered at 2.5 GHz.

Another issue is the cross-polarization characteristics of the element in the H-
plane. As shown in Figure 4, the cross-polarization components can be
substantial off boresighl. For large, fixed beam arrays, the effect may be minimal,
although the power radiated in the off-boresight directions will affect the directive
gain of the element. Of greater consequence would be the presence of the cross-
polarization in the element pattern in a scanning amray based on this antenna.
Depending on the application, it may be necessary to reduce the cross-polatization
10 achieve wider scan angles.

To investigate this issue further, we conducted experimental and simulation
studies on the varation of cross-polarization with both sector angle and elevation.
Some of the results of this study are shown in Figure 5. In general, the smaller
the sector angle, the lower the cross-polarization level. However, there is another
cost involved, To achieve the same kind of impedance bandwidth at the lower
end of the operating band, the length of the sectors must increase as the sector
angle decreases.

5. Conclusions and Directions for Future Work

In this canted antenna design, scveral design tradeoffs exist between elevation
angle, sector angle, impedance bandwidth, and broadside radiation characteristics.
In general, impedance bandwid(h increases with increasing cant angle, a. As the
cant angle increases the bandwidth over which the sector displays acceptable
broadside radiation decreases. As expecied, cross-polar radiation performance of
canted sectors is related to the sector angle, B. Prototypes with smaller sector
angles had slightly lower levels of cross-polar radiation, but we found that the
lengths and semetimes the cant angles of these sectors had (o be increased in
order to deliver the same kinds of impedance bandwidth provided by sectors wilh
larger seclor angles with smaller cant angles.
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Figure 4: Measured co- and cross-polar E-planc and H-plane gain patterns [dB] for the
antenna shown in Figure 2 at 2.0 GHz, 2.5 GHz, 3.0 GHz, and 3.5 GHz. All
measurcments were taken with a square ground planc with a dimensicen of 60 cm.

Future work in this project includes the development of a design-oriented model
for the antenna element that takes both the impedance and radiation properties of
the sector into account. Geometric changes to the antenna are also being
considered to help mitigate the endfire characteristics of the structure as
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frequency increases. Finally, work is ongoing to develop fast computational tools
[12] that wili be used (o simulate these antenna elements in large aperiodic arrays.

Figure 5; Measured E-plane and H-plane gain pattems [dB] aver a range of sector angles for &
cant angle of 10” at 2.5 GHz {the 100" sector measurement was taken at 2.58 GHz where the
VSWR was less than 23, The length of the &7° sector was 12.5 cm, that of the 30° secior was 3.7
cm, and that of the X sector was 10 cm.
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ABSTRACT

Input impedances, mutual coupling and radiation patterns of Vivaldi
antenna elements in small phased arrays are presented. The data provide
insights inte truncation effects in these arrays. It appears that the
resonances of the isolated element play a significant role in the performance
finite arrays. Splitting and shifting of element resonances, similar to that in
coupled resonant circuits, are observed. A better understanding of these
phenomena may lead to effective design methods for finite arrays of Vivaldi
antennas, a problem that is extremely difficult with existing computer
simulations.

1. INTRODUCTION

The tesults of experiments and full-wave simulation of wide bandwidth Vivaldi
tapercd slot antenna arrays have been presented at the Antenna Applications
Symposium and elsewhere [1]-[5]. Experitnental results were reported for some
relatively large arrays; for example, Pozgay reported results for a 1799-element
array [6]. Many applications, however, would benefit from the use of wide
bandwidih arrays, or subarrays, comprised of only a few hundred elements. The
individual antennas in such smali arrays do not behave as they do in infinite
arrays or as the central elements of a large array, e.g., [7], [8]. So far, published
data showing the effects of various parameters on the performance of wide
bandwidth Vivaldi antenma arrays is limited to infinite arrays, in which all
elements behave the same. Qur resnlts obtained by using full-wave simulations of
infinite and finite arrays of Vivaldi antennas suggest that the behaviar a particular
element design in an infinite array often is not a good indicator of that particular
design’s suitability for use in a finite array.

In this paper, we present some of the insights gained by extensive full-wave

analysis of finite and infinite arrays of dielectric-free Vivaldi antennas. A single
gecmetry of a Vivaldi element is considered, Fig. 1a, and results arc presented for
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this element in arrays of various sizes, e.g., Fig. 1b and lc. For the arrays, the E-
plane direction corresponds to the YZ-planc and H-plane direction to the XZ
planc in accordance with the Cartesian coordinates in Fig. 1. The broadside
direction coincides with the Z-axis.

The results presented here illustrate active and passive input impedances, mutal
coupling, and radiation patterns for the selected element design. These results
provide some insights into the phenemena that contribute to element performance
in small, wide bandwidth arrays. Eventually, we hope to understand and quantify
the physical phenomenology underlying truncation effects and performance in
small wide bandwidth arrays. Furthermore, we hope to provide guidance for the
design of Vivaldi elements that operate well in small to moderate size arrays. For
example, we have observed that an element’s performance in small arrays often
can be better predicted by its isolated impedance than by its impedance in an
infinite array. This has led to a design procedure for elements in small arrays [9].

B

—

{c)
Fig. 1. {a} Geometry of dielectric-free Vivaldi element with opening rate Ra=0.15
for exponential profile. (b) 6x6 array. (c) 4x12 array.
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An interesting perspective on the performance of wide bandwidth arrays is
provided in Fig. 2a, which shows the input impedances of a single, isolated
element and the same element (Fig. 1a} in an infinite array. The element spacing
in the array is one-half wavelength at 1,18 GHz. Near this frequency, the element
impedances, isolated and infinite array, are nearly the same. However, at lower
frequencies, which typically are part of the operating regime for wide bandwidth
arrays but not for narrow bandwidth arrays, these impedances dilfer considerably.
It is appears that the good behavior of the infinite array is achieved by reducing
the (} of the single-element resonances and by lowering the frequency at which
the first resonance provides reasonably good radiation resistance. In other words,
when properly designed, mutual coupling in the infinite array improves wide
bandwidth operation because (1} sharp resonances of the single element are
suppressed and (2) the low-frequency portion of the band, where the single
element 15 not be an efficient radiator, becomes useful.

The impedances of the elements when placed in an 8x8 array are quite different
from the relatively simple behavior observed in Fig. 2a. The element impedances
vary considerably from element to element and the low-frequency regime, below
0.2 GHz, is not usable. When compared to the infinite array, the element-to-
element variations of the 8x8 array can be interpreted by two phenomenological
models, which give slightly different but useful insights: (1} the absence of
mutual coupling from “missing” elements, those outside the atray boundaries,
affects elements differently depending on their locations with respect to the amray
edges, and (2) scattering of radiated or guided waves from the trancation of the
periodic array structure alters the performance from that observed in the infinite
array. The mutual coupling model assumes an element-by-clement view of the
array and helps to explain local phenomena, The wave-based model views the
entire array as a structure and is useful to explain global phenomena. The wave-
based model also is promising as a means to speed computations for moderately
targe arrays that are comprised of too many elements to efficiently simulate by
brute force element-by-element methods [10].

In this paper, only dielectric-free Vivaldi elements are considered. The numerical
results are obtained by using the UMass time-domain integral-equation (TDIE)
MoM solver [11], [12]. The TDIE code efficiently analyzes finite arrays in active
and passive modes, Fig. 3. In the active mode, all elements are driven. In the
passive mode, the source is applied to one particutar port while others are
passively terminated. Short-circuit terminations are shown here and the terminal

329



Freq 3Hz

WY 'BoUE | EI%EY

Freq GHz

Freq, GHz

aouels|sey

a0Ue1IREY

Frag, GHz

(b)

(a) Tnput impedance of isolated element and infinite array (broadside

beam), (b} Broadside active input impedances for 8x8 array.

Fig. 2.

330



current is computed for all antenna ports. From these currents, the port admitltance
matrix is calculated by repeating the computations with the generator applied
successively to each of the array elements. From the port admittance matrix, the

passive and active input impedances and the scattering matrix can be computed,
Fig. 3b.
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Fig. 3. Analysis approaches: (a) schemalic sketch of linear Vivaldi arrays driven

in active and passive modes, (b) basic definition and transformations to formulate
port maltrices of active and passive arrays.
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2. E-PLANE AND H-PLANE COUPLING IN FINITE VIVALDI ARRAYS

Single-polarized Vivaldi antenna arrays exhibit different coupling characteristics
in the E-plane and H-plane. This is not surprising since the elements are in
electrical contact along the E-plane {on the same metallic sheet) whereas they are
linked only by the elecremagnetic fields in the H-plane. To observe the
differences in E-plane and H-plane coupling while preserving some of the physics
associated with planar apertures, we have studied arrays of various sizes, | x N, 2
x N, 3 x N, etc. Fig. 4a shows active element impedances (broadside beam) for
arrays comprised of N elements on a metallic sheet and 2 metallic sheets, i.e., N x
2 (E-plane} arrays. Fig. 4b shows impedances for arrays comprised of 2 elements
per metallic sheet and N sheets, i.e., 2 x N (H-plane) arrays. Ali unique values of
input impedances for these arrays (broadside beam) are shown in the figure, as
well as the impedance of the isolated element.

The following salient trends are observed.:

« Flement-to-element variations are much greater for E-plane artays
than for H-plane arrays.

» The low-frequency boundary for both the E-plane and the H-plane
arrays is iimited by very high Q resenances and a rapid decrease of the
input resistance.

» The strong first resonance of the isolated element has a dominant
effect on low-frequency operation of E-plane and H-plane arrays.

= The useful operating band of H-plane arrays is relatively independent
of the number of elements, probably because H-plane coupling is
weaker than E-plane coupling.

=  Mutual coupling causes the resonances of the isolated element (0.4
and 0.8 GHz) to split, move and change in strength. As the number of
elements in the arrays increases, the resistance and reactance near the
resonance change more rapidly with frequency, but the strength of the
resonances fends to diminish.

» Strong modification and splitting of the resonances Lake place for the
E-plane arrays and the same effect is weaker for the H-plane arrays.

v Based on observations in Fig. 2b for an 8x8 array, Fig. 4, and other
cases that have been simulated, E-plane coupling is strong, particulatly
at low frequencies, and it has a significant impact on element
impedances and on variations from element to element.
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Fig. 4. Simulated active input impedances for isolated element and unique
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array; N=4, 7, 10. Isolated element and (1,1} edge element are marked.

333



3. COUPLING IN FINITE VIVALDI ARRAYS

Figures 5 - 8 show the magnitude of the coupling coefficient, 20 log;olS;l, for 5x5
and 3x9 arrays, respectively. At low frequencies, the E-plane coupling (along ¥
direction) is stronger, Fig. 5. At 1.2 GHz, the coupling is less affected by the
metallic contact of elements in the E-plane and the coupling decreases more
symmetricaily, Fig. 7. At 0.8 GHz, H-plane coupling along the center row
decreases more rapidly than along the upper and lower rows, Fig. 6. This may be
due to a wave-based resonance across the amray at this frequency since the
contours of constant coupling display the expected convex shape at 0.6 and 1.0
3Hz, not shown.

Comparison of the data in Fig. 5 - 8 with the measured coupling reported in [7]
suggests that the magnitude of coupling in single-polarized arrays s similar
{within about 5 dB) to that in dual-polarized arrays. However, coupling in the
single-polarized array has not been studied as thoroughly as the measured results
in [7] so it is not known if the coupling in single-polarized arrays varies as rapidly
with frequency and location in the array as that observed in the dual-polarized
array.
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4, PASSIVE AND ACTIVE INPUT IMPEDANCES

Input active (at the top} and passive (at the bottom) impedances of elements in a
6x6 single-polarized array are shown in Figs. 9 - 11, The active mode for the
array mcans that all elements are driven with 1 volt, o? phase (broadside beam}
while in the passive mode just one element is driven and others are terminated
with 100-Ohm loads. The plots show the impedances of three adjacent elements
starting from one corner of the array (element 01-01) and moving along the edge
on separate sheets, Fig. 9, on the same metallic sheet, Fig. 10, and along the
diagonal, Fig. 11.

The active impedances (at the top) are similar to the data for an 8x8 array in Fig.
1, but it is casier to see the individual element impedances in Figs. % - 11. One of
the prominent features of the data in Fig.  is the similacity of the plots, which
show elements that are located on the ends of different metallic sheets. These
elements are conpled to each other in the H-plane direction. The impedances are
relatively insensitive to the location of the metallic sheet within the array. Even
the corner element’s impedance, active and passive, is essentially the same as that
of the edge element on the central metallic sheet. For edge elements on the same
metallic sheat (Fig. 10), the element-to-element variation is significant in the
vicinity of 0.4 GHz, where the isolated element has its first resonance (see Fig.
la). Similarly, the active and passive impedances vary considerably along the
array diagonal, Fig. 11.

A second prominent feature of the data in Figs. 9 - 11 can be observed most easily
in the passive impedances of Fig. 9. Comparing these plots to the isolated
element, it appears that the resonances at 0.4 and 0.8 GHz in Fig. 1a each has split
into two closely spaced resonances. This splitting can be observed in all of the
passive impedances of Fig. @ - 11, and in the first resonance of the active
impedances of elements 02-02 and 02-01. The first resonances of the active
impedances of elements 03-03 and 03-01 are not split, but they are shifted upward
ghout 100 MHz from the isolated element resonance. This phenomenon of
resonance splitting and shifting is common when two or more resonant ¢ircoits
are coupled. Hence, the resonance splitting and its variation from element to
element in the array is a natural consequence of the mutual coupling model {or the
arvay.
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5. RADIATION PROPERTIES OF FINITE VIVALDI ARRAYS

The full-wave EM analysis enables computation of the radiation patterns of
Yivaldi elements and finite arrays. Several such cases are illustrated in three
series of data in Fig. 12 - 16. All radiation pattems are normalized to the antenna
broadside gain factor, The normalization is accomplished by numerical
integration: over the surface cof a sphere that encloses the antennasfarrays. Patlerns
are computed with 1-degrec reselution. E-plane and H-plane patterns are shown
on each plot.

Computed radiation patterns of a single Vivaldi element and an active broadside
5x5 phased array are plotted in Fig. 12 at frequencies 0.4, 0.8 and 1.2 GHz. At 0.4
(GHz the isolated element has a nearly omnidirectional pattern in both the E-plane
and H-plane. At the higher frequencies, the pattern has lobes and minima that will
further develop inlo an endfire radiation pattern at much higher frequencies. The
3-dB beamwidth of the 5x5 array changes from about 60° at 0.4 GHz to about 20°
at 1.2 GHz. The sidelobe level is about -12 dB at 0.8 and 1.2 GHz. The front-to-
hack ratio is less than 5 dB at 1.2 GHz. The directive gain of the isolated element
is 0.5 dB ar 0.4 GHz and about 3 dB at 0.8 and 1.2 GHz. The gain of the 5x5 array
at these frequencies is 9, 14 and 17 dB, respectively.

Radiation patterns of an cntire 3x3 array and just the center driven elemem are
shown in Fig. 13 a1 0.4, 0.8 and 1.2 GHz. At 1.2 GHz, the central element E-plane
pattern exhibits ripple due 1o truncation of the array. Chio, et al, observed similar
effects in an 8x8 dual-polarized array [71. The ceniral element patterns show some
significant differences in the E-plane and H-plane pattern shapes, but the entire
array has good beam symmetry throughout its 3-dB beamwidth because (1) the
array Tactor selects only the central portion of the element pattern, and (2) the nine
individual elcment patterns vary in such a way that the superposition of radiation
from all elerments is more symmetric than any single element.

Figures 14-16 illustrate the element-to-element varations of active element
patterns in a 5x3 single-polarized array. Figure 14 shows the patterns for edge
elements on adjacent metallic sheets (H-plane coupled), while Figure 13 shows
patterns of edge elements on the same sheet (E-plane coupled) and Figure 16
shows patterns of elements along the diagonal. The central element (3,3) radiation
paitern is symmetrical whereas the patterns of other elements are asymmetrical.
The active element directivity is about 2 - 5 dB within the frequency band
considered here.
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The active element patterns have wide beamwidths in both the E-plane and H-
plane directions, which 15 required for wide-scan applications. The angular
spacing of the ripples caused by array truncation is less than for the 3x3 array, as
expected.
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0.4 GHz Isolated element 3x5 active array

0.8 GHz

1.2GH:

Fig. 12. Radiation patterns of isolated element (at the left) and aciive broadside
5x5 phased array (at the right) at 0.4, 0.8 and 1.2 GHz frequencics. E-plane
pattern in solid line and H-plane in dashed line.
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0.4 GHz Central element Entire 3x3 array
]

0.8 GHz

1.2 GHz

Fig. 13. Radiation patterns of central element in 3x3 array (at the left) and entire
3x3 array (at the right) at 0.4, 0.8 and 1.2 GHz frequencies. E-plane pattern in
solid line and H-plane in dashed linc.
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Fig. 14. Active element patterns in 5x5 single-polarized array: elements on
adjacent sheets, H-plane coupled at 0.4, 0.8 and 1.2 GHz. E-plane pattern in solid
line and H-plane in dashed line.
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Fig. 15. Active clement patterns in 3x5 single-polarized array: elements on same
sheet, E-plane coupled at 0.4, 0.8 and 1.2 GHz. E-plane pattern in solid line and

H-planc in dashed line.
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Fig. 16. Active clement patterns in 5x5 single-polarized array: elements along
diagenal at 0.4, 0.8 and 1,2 GHz. E-plane pattern in solid line and H-plane in

dashed line,
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6. PHASE CENTER LOCATION IN SMALL VIVALDI ARRAYS

In many applications, the location of the phase center of the antenna is important.
For small arrays of Vivaldi antennas, the phase center locations of individual
elements and of entire arrays have been investigated.

The phase center of single Vivaldi antennas is located along the centerline of the
slol. il:-:-m.ir:ivr:rinéc?r a conical region around horesight with total conc angle of
approximately 20", the z coordinate of the phase center (distance from (he base of
the antenna in Fig. 1) has been computed. For most cases studied to date, the
phase center location for a particular planc of ebservation is reasocnably constant
over this cone. However, the phase center for the E-plane tends to be near the
aperture of the antenna whereas the phase center for the H-plane is nearer the base
of the antenna.

The phase centers in the principal planes are displayed in Fig. 17 for an isclated
element, or the center element of a 3x3 array and for the fully active 3x3 array.
In the latter case, the phase center is along the center axis of the array. The
apparent phase center sometimes lies outside of the antenna, which extends from
z = {0 to z = 23.8 cm. The E-plane and H-plane phase centers seldom coincide for
this antenna design, but for most frequencies they are within one-half wavelength,
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SUMMARY

Mutual coupling and truncation effects in stnall arrays of Vivaldi tapered slot
antenna arrays have been investigated, A particular dielectric-free Vivaldi
antenna element was selected for study and its impedance and radiation patterns
were studied over the frequency range 0.1 — 1.2 GHz, where an infinite array of
the elements operates well. Infinite and finite arrays {2x10, 3x9, 5x5, 8x8, etc) of
this element were analyzed by using a full-wave simulation code to determine
active and passive input impedances, mutual coupling and radiation patterns. The
betiavior of the arrays and of the individual antennas within the arrays sometimes
can be explained, at least heuristically, by considering a mutual coupling model or
a wave-based model.

Although previous simulations of infinite arrays showed that mutual coupling
plays a major tole in wide-bandwidth performance, the studies reporied here
indicate that the resonances of the isolated ¢lement dictate the frequency bands
where problems are likely to occur in small arrays. Calculated values of mutual
coupling in the single-polarized arrays of dielectric-free antennas are similar to
the valucs measured for a dual-polarized array of stripline-fed Vivaldi antennas.

Radiation patterns of elements in small urrays display asymmetries and truncation
ripple as expected. The E-plane and H-plane phase centers of the antennas are not
coincident, but they are within about cne-half wavelength over most of the
operating frequency range.

It is hoped that this and other studies of this type will lead to a better

understanding of finite wide-bandwidth Vivaldi arrays, and that design procedures
will evolyve to mitigate the extensive computations required to design finite arrays.
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ELECTRONICALLY CONTROLLED
BEAM-STEERING ANTENNA
(DEMO)

V_A. Manasson, L. Sadevnik, M. Aretskin, A. Brailovsky, P. Grabiec,
D. Eliyahu, M. Felman, V. Khodos, V. Litvinov, J. Marczewski, R. Mino
WaveBand Corporation
17152 Armstrong Ave.

Irvine, CA 92614

Abstract: A new type of electronically controlled beam-steering antenna has
been experimentally demonstrated, The antenna architecture is different
from that of conventional phased array antennas. The key element of the
antenna is & semiconductor chip carrying an array of pixels that constitute a
reconfigurable hologram. This W-band antenna is capable of continuousky
steering a beam or creating multiple beams in arbitrary directions. Samples
of beam patterns are presented. We also provide 2 movie clip demonstrating
antennga operation.

Electronically controlled phase delays (phase shifters) are key elements of any
conventional phased array antenna (PAA). Phase shiflers are used as solo devices
and are also integrated into transmit/receive modules. The major disadvantage of
using conventional phase-shifiers is their high cost. When the cost of the
necessary quantity (up io several thousands} is considered, the phased array
becomes prohibitively expensive for most potential applications.

The antenna we describe here is based on a different architecture. There are no
traditional phase shifters. The key element of the antenna is a semiconductor chip
that carries a set of individually controlled PIN structures. Electromagnetic waves
propagate through the chip, which also serves as a planar dielectric waveguide.
The PIN structures (PINs) locally affect the wave propagation velocily and thus
cause the semiconductor chip to function as a hologram. The monolithic design
entails an enormous cost reduction. Antenna fabrication cost with this new
architecture will even satisfy the automobile market with its very strict cost
containment requirements.

The antenna fabricated for this demo contains a single silicon chip. Each of 216
PINs has an individual binary current control. The total power required to control

353



Fig. 1 Electronically controlied single chip antenna.

the entire aperture is less than one Watt, The aperture is fed through a single-
mode dielectric waveguide with evanescent coupling between the waveguide and
the silicon chip. We used a cylindrical lens to form the beam in the elevation
plane (see Fig. 1). In the azimuth plane, the antenna can form a beam in
practicatly any direction within a wide steering angle. Some examples of beam
patterns are shown in Fig. 2. They were oblained at a frequency of 76 GHz in the
{ransmitting mode using a near-field measurement technique {(NSI near-field
measurement system). The antenna is a reciprocal device that is capable of
operating in the receiving mode as well. In the demo setup it was operating as a
receiving millimeter-wave sensor.

Since the semiconductor chip behaves as & hologram, the antenna is capable of
forming beam patterns of various shapes. Several examples of beam patierns
comprising two independentiy controlled beams are shown in Fig. 3. This feature
may be useful for simultaneous communication with two moving objects.



Power, dB

Angle, deg

ssesses praciically continuous beam-steenng capability.




Power, dB

Y

256 -25 0 25
Angle, deg

Fig 3. Examples of beam patterns comprising twa simulianeous beams. Each
bearn direction was selected independently.

The operation of the single-chip electronically controlled beam stecring antenna
can be demonstrated using the setup shown in Fig4.
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Fig. 4, Antenna demo setup. Railroad iracks

The antenna chip is connected to the driver. The driver, operating as & shift
register, is controlled via a PC. The signal received by the antenna is detacted by
the Schottky diode and displayed on the oscilloscope screen, To synchronize the
oscilloscope scan and antenna scan, we use a pulsed generator, which also serves
as a clock that synchronizes the hologram recording. The driver converts a series
pulse sequence from the PC into parallel current pulses feeding the chip PINS. To
record a single antenna pattern, 216 pulses are required to be sent from the PC to
the driver. Less than 10 ps is needed to switch from one antenna pattern to
another. The scamning cyele consists of 80 sequential antenna patterns with a
main lobe step of 0.5 deg. The full scan time is ~1 ms.

In summary, we have experimentally demonstrated, for the first time, the
feasibility of single-chip beam steering at W-band. The antenna showed excellent
beam-control over a steering range of 45 degrees with a beam-switching time as
short as 10 psec. Potential applications of this technology include missile
seekers, aitborne and space radar, aircraft landing guidance sysiems, and
automotive coilision warning sensors.
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A K,-BAND ELECTRONICALLY SCANNED
ANTENNA FOR MULTI-FUNCTION RF
APPLICATIONS

R. Dahlstrom, 8. Weiss, E. Viveiros, A, Bayba, and E. Adler
1.5, Army Research Laboratory
2800 Powder Mill Road
Adelphi, MD 20783
dahlstrom @arl.army il

Abstract: An electronic scanning antenna (ESA) that uses a beamformer
such as a Rotman lens has the ability to form multiple beams for shared-
aperture applications. This characteristic makes the antenna suitable for
integration into systems exploiting the Multi-Function Radio Frequency (RF}
concept, meeting the needs for a Future Combat System (FCS) RF sensor.
Such an antenna has been built and successfully tested at ARL to be usedina
system to demonstrate this multiple-beam, shared-aperture capability at K,
hand., Each antenna, one for iransmit and one for receive, consists of the
Rotman lens for azirmmuthal beamforming, with 19 beam ports and 34 array
ports, a 2 channel by 16 port PIN-diode switch for beam selection for each of
two channels, 32 MMIC amplifiers at the active array ports, and an eight by
32 aperturc-fed microstrip patch array, which provides focusing in elevation.
We will discuss the development of the antenna including future efforts and
present the results of mmeasurements of its performance.

Figure 1. Multi-function RF concept
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1. INTRODUCTION

The U.S. Army Research Laboratory (ARL) is currently pursuing key
technologies for low-cost, advanced battleficld sensors for multimode radar and
communication platforms as shown in fignre 1. These radar and communicalion
functions include active/passive target acquisition, comnbat identification, weapons
guidance, secure point-te-point communications, active protection, networks for
situational awareness, and signal intercept. Typically, each of these functions is
performed by a separate piece of equipment specifically designed for that
purpose, with its own electronics package and antenna. As mere of these
functions are added to a vehicle, the available space suitable for antennas 15
quickly depleted, and costs and weight increase rapidly. Incorporating multiple-
function components into these systerns can considerably reduce total system size,
wetght, and cost. By sharing a single antenina aperture, one can time- and/or
frequency-multiplex both radar and communications functions, or, in the case of
multiple-beam antennas, perform them simultaneously. Cne such approach,
described herein, uses one K, -band, multipurpose, electronic scanning antenna
(ESA) to perform the functions required by several systems [1].

Tx switch /

Power amplifiers

Tx Rotman lens

Fatch antenna
arTays
Ex switch

Ex Rotman lens

RF assembly LNA’
g

Figure 2. MFRF antenna configuralion

2. SYSTEM DESCRIPTION

In the K,-band ES A we have developed, shown in figure 2, we achieve the
simultanecus performance of muitiple functions by combining a multiple-beam
antenna array with a PIN-diode switching network while maintaining a broad
overall system bandwidth of better than 36 to 40 GHz. The complete antenni
system consists of a 16 (vertical) x 32 {horizontal} array of slot-fed microstrip
patch radiators fed by the Rotman lens horizontally, and by microstrip corporate
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feeds vertically. The lens has 19 input perts, with the port on each end intended to
be terminated to provide a symmetric envirgnment for the remaining ports. The
center 17 ports correspend to azimuth beam-scanning positions covering 22,5
degrees from broadside. A dual-channel beam-switching network (BSN) is used
to select otie of the beams for each channel. For transmit, 32 power amplifies are
inserted between the output ports of the lens and the patch array to increase the
power radiated. A single amplifier could have been placed at the input te the
switch, but a higher power amplifier would have been needed to make up for the
losses in the switch and the fens and a much higher power switch would have
been necded 10 avoid exceeding its power handling capability. For receive, low
noise amplifiers are used between the lens and the patch array to minimize
degradation of receiver noise figure by losses in the Rotman lens and the switch.

Figure 3. Demonstration multi-function RF system

The transmit and receive lens assemblies are used as the top and bottom of the
MFRF system package with the paich arrays mounted in between as shown in
figure 3.

3. ESA OPERATION

Operation in an electronically scauned mode involves remotely controlling the
BSN 1o switch either of the signal source inputs to any of the 17 beam ports of the
Rotman lens, in a sequential or random scan, as desired. Adding time-
multiplexed functicns requires only thai the appropriate beam selection be made
at the same time as the input signal is switched. A fixed-beam communication
channet can be added by coupling to the appropriate beam port. In a similar
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manner, incorporating additional functions merely adds to the complexity of the
B&N, not of the antenna itself.

Two 1116 port switch assemblies,
one for each channel

Ten 1x4 port switch modules,
five for each channel

Sixteen 1x2 port switches to
connect the active channe!
ports to the corresponding
lens beam ports

Figure 4. Trex Enterprises 2x16 PIN dicde switch

Figure 5. Photo of Trex PIN-diode switch

4. BEAM-SWITCHING NETWORK

The 2x16 BSN is an array of PIN-diode swilches that operates from 36 te 40
GHz. The PIN-diode switch configuration is shown in figure 4. It uses SPDT
switch clements in four successive stages to achieve 1x16 switching. To achieve
2x16 switching, each of these 1x16 switches is followed by an array of sixteen
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SPDT switches to connect the selected output of each to the corresponding lens
beam port. In addition, switching is provided to terminate unused ports. Since
the signal passes through six stages of switching in the 2x16 configuration, it is
important that the loss of each stage be minimized. Even with a loss of only 1 dB

Eotman lens

Beam porls

B-plane T's

Figure 6. Rotman lens - Shaded areas show signal paths

Figure 7. Rotman lens — one half shown, with absorber

per stage, additional losses due to transitions and interconnects in a microstrip
package could bring the total insertion loss up to nearly 10 dB. By using switch
elements optimized in the 36 to 40 GHz frequency range and interconnecting
them with low-loss wave guide, the measured insertion loss was brought down to
3 to 6 dB over the band for all ports. The switch assembly is shown in figure 5.
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5. ROTMAN LENS

The key 10 achieving a low-cost, compact, multibeam antenna is the use of a
Rotman lens to provide the appropriate phasing te each element of the array. The
lens has 19 beam ports (shown on the left in fignre 6) that couple the signal into
the broad paralicl-plate region of the lens. The lens’ geometry is chosen so that
each beam port, by virtue of its position, produces the desired array phasing for its
associated beam angle at the output ports. The direction of the beam radiating
from the antenna can therefore be controlled by selection of an appropriate beam
port. In addition, the amplitudes at the outputs are somewhat greater in the center,
potentially reducing the first sidelebes below the 13 dB which would otherwise be
expected for uniform excitation. The Rotman lens design differs from that of
other lenses in that it has three perfect focal points on the beam feed, with the
other sources appreximated en a circular focal arc. In other words, when 2 source
is turned on at one of these foci, a linear phase taper appears across the linear

Figure 8. Rotman lens — mating halves shown

array of output ports. The small phase errors at the intermediate positions do not
significantly degrade antenna performance. The Rotman lens is an inherently
wide-bandwidth device, because the path lengths to the ouiput ports correspond to
a true time delay, rather than just providing the desired phase. Therefore, the
correct phasing is achieved independently of frequency. The medium used for
this lens is wavegnide, with the E field oriented parallel to the broad walls of the
lens to reduce reflections at the input and output ports. In this orientation, the
wavelength of the signal traveling through the Jens is a function of the wall
spacing. The corresponding variation of the velocity of propagation of the signal
in the lens causes a shift in beam angle with frequency for angles off broadside.
Using an E field oriented perpendicular to the broad walls of the lens could
eliminate this effect, but over the limited frequency range used here, the beam
shift is small, about +4%. The Rotman lens design is based on one provided to
ARL by the Georgia Tech Research Tnstitute [2, 3].
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The lens was fabricated from reclangular biocks in symmetric halves as shown in
figures 7 and B with absorber installed. This splits the waveguides in the center of
the broad wall, where the current is at a minimuam, and also reduces vertical
cutting depth for the dimensionally seusitive features, The thickness of the lens
was made substantially greater than the waveguide height (7X) for structural
rigidity (bending stiffness is increased by necarly 300X). The penalty is increased
mass. However, pocketing the non-lens side of the blocks reduced the weight.
For fabrication tolerances, it was determined that critical side-to-side dimensions
should be held to +/- 003", but that the tolerance for the depth should be limited
to +-.0005". Of particular concern was flatness and alignment of the mating
surfaces of the two halves. To address the alignment, pins were incorporated; and
to ensure contact of mating surlaces, fourteen %-20 bolts were uscd — together
producing a nominal contact pressure of 250 psi. The material chosen was
aluminum {alloy 6061-T6).

c'ulat AL o

Figure 9. Amplifier assemblies mounted on Rotman lens

6. AMPLIFIERS

MMIC amplifiers, 1-watt power amps for transmit and 2.1 dB noise figure low-
noise amps for receive, are packaged eight to 2 module and mounted to the array
ports of the lens as shown in figure 9. A Quasi-Yagi waveguide-to-microstrip
transition is at the lens interface and Corning Gilbert GPPC connectors are used
to connect (o the patch array. Figure 10 shows the amplifiers mounted on the
microstrip substrate and figure 11 shows the completed antenna assembly.
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Figure 10. MMIC amplifiers on microstrip

Figure 11. MMIC amplifiers mounted to lens and patch array

Figure 12, Patch array mounted to antennafamplifier assembly
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7. PATCH ARRAY

A slot-fed patch array, shown in figure 12, was used for the radiating element
because it is broadband, compact, and can provide scanning in elevation in the
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Figure 13. Measured receive pattems at 36.8 GHz
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Figure 14. Measured receive patterns at 38.6 GHz

fucure, although a fixed beamn antcnna is currently used, providing a 10-degree
broadside beam.
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8. ANECHOIC CHAMBER MEASUREMENTS

The antennas were tested in an anechoic chamber at ARL. Beam scanning in
azimuth was measured to be greater than 22 degrees. The radiation patiern of the
receive antenna for the center (broadside) beam and all beams superimposed is
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Figure 15. Measured transmit patterns at 36.8 GHz

R brne Powsr [dB]

AZnut [

Figure 16. Measured transmit patterns at 38.6 GHz

shown in figure 13 at 36.8 GHz and in figure 14 at 38.6 GHz. Similar patterns are
shown for transmit in figures 15 and 16, Receive and transmit gains are given in



figures 17 and 18, respectively. The measured perfortnance is summarized in
table 1.

9. FUTURE I'LANS
Ongoing efforts related to this work include reducing the size, weight, and loss of
the Rotman lens while increasing the scan range, adding the ability to

electronically scan in elevation, and creating switch technologies that continue to
be rcliable, compact, and low loss with increased numbers of channels and ports,
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Figure 17. Measured receive gain
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Figure 18. Measured transmit gain
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Architectures under evaluation include cavity-based designs and stripline
configurations using various dielectrics. In the area of BSN development, we are
pursuing crossbar or tapped-line designs and exploting other technologies.

10. CONCLUSION

An electronically scanned antenna system has been described that has the
potential to meet the needs of one or more radar andfer communications systems
residing on a single platform. Sharing the antenna aperture in this way makes it
unnecessary o have separate antennas for each system. The advantages of this
technique include smaller total size, less weight, and lower cost. With further
enhancements in Rotman lens architectures, BSNs, and wideband apertures;
multimode and multibeam affordable ESA’s will surely have a great impact on
future combat systems.

|[Parameter Specification
ntenna gain, Receive 41-53 dBi {with low-ncise amplifiers)
ntenna gain, Transmit 36-44 dBi {with power amplifiers)
zimuth Beamwidth 2.6° nominal at 38 GHz
zimuth sidelobes 11 B peak at center, 9 dB with scan
Polarization Vartical
Beam scan +22 5% azimuth (17 beams)

Table 1. Multi-function RF antenna performance
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Impedance, Bandwidth and @ of the GGeneral One-Port Antenna

Steven R. Best and Arthur D, Yaghjian'
Air Force Research Laboratory
Sensors Directorate, Antenna Techmology Branch
80 Scott Drive
Hanscom AFB, MA (41731

1. INTRODUCTION

In this paper, an approximate expression is presented for the bandwidth of a single-feed
{one-port), lossy {or lossless} antenna in terms of its inpul impedance. This expression
for bandwidth is valid for all ranges of frequency, that is, throughow the entire
antiresomani as well as resonant frequency regions of the antenna. Both conductance and
matched VSWR (veltage-standing-wave-ratio) bandwidth are considered. It is shown
{hai the inverse of the matched VSWR bandwidth is a more tebable quantity for
approximating the antenna { over a wider range of frequencies. The approximate
expression for the matched VE8WR bandwidth of a luned antenna differs from previous
expressions in that it is inversely proportional to the magnitude of the frequency
derivative of the antenna’s input impedance, £, at every frequency.

The antenna guality factar, €2, is defined independently of bandwidth as 2 times the ratio
of average “reactive emergy” in the fields of the anienna to the cnergy dissipated in a
perind by the antenna in the form of radiated power and power loss.  An gxact cxpression
for the ¢) of a general, one-port, lossy or lossless antenna is then presented in terms of
two dispersion enecrgics and the {requency derivative of the input reactance of the
antenna. The values of these dispersion energies arc determined from both the radiation
fields and the fields within the antcnna material. The lar-field dispersion energy, W, 1%
delermined from subtracting the radiation-field energy of the antenna from its total-field
chergy to el a finite “reactive emergy™. The material-loss dispersion energy, Wy, is
determined from the fields within the antenna material.

It is also shown that the delined () of the antenna is approximately proportional to the
magnitude of the frequency derivative of the antenna’s input impedance and thus, the ¢/
iy inversely proportional to the matched VSWR bandwidth of the antenna at all
frequencics. The approximatc cxpression [or the antenna bandwidth and its relationship
to O are both more generally applicable and more aceurate than previous formulas.

' vVisiting Scicntist
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Numerical solutions to thin, straight-wire and wire-loop, lossy and lossless antennas
confirn the accuracy of the approximate expressions and the wverse relationship
hetween matched VSWR bandwidth and the defined ¢ over frequency ranges that cover
several resonant and antiresonant frequency bands.

2. ANTENNA IMPEDANCE AND ITS FREQUENCY DERIVATIVE

Consider the general one-port antenna as depieted in Figure 1. The feed peinl impedance
of this general antenna 15 a complex quantity Zfw)}, defined as

Zian = Rw}+ X () {1)

where Rfey is the frequency dependent foed point resistance and Xfew is the frequency
dependent feed point reactance. {Note that radian frequency @, being cqual to 2r times
the frequency in Hz, is used to define the frequency dependent properties of the antenna. )
The bandwidth and ¢ of this general antenna are defined under the condition where the
antenna is luned at a frequency ey with a serics rcactance Xsfey (comprised of a series
inductance Ly ur a series capacitance Cy), where the tuncd antenna feed point impedance
is wriflen as

Z(ay =R (@) + jX (@) {2)
where,
X {w) = X(o)+ X, (@) (3)
and where
Ly, X(w,)<0
X ()= | )
WLC..-’ X, } =0
At the tuned frequency ey,
Xplay) = X(a,) + X (ap) =0 (3)

The frequency derivative of Xofay with respect to o can be written at the tuned frequency
&y B5
ELY | ‘Y(mf}) |

dX, . .
—a =—(e,) +
der () dm( 2 @,

(6)
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and the magnitude of the frequency derivative of Zofay with respect to @ cun be wnillen
at the tuned frequency o as

_fdk,, T [ﬂ 1
| | +| L) o)

If the tuning reactances, Ly and s, are assumed o be logsiess, the tuned antenna’s
resistance and its frequency derivative are equal to those of the untuned antenna,
Assuming logsless reactances and substituling {6}, equation {7) becomes

dZ,
— |t}
‘m( )

dzﬂ( f})‘ V{ (waﬂ {—( m>+'”""f‘}} ®)

{hy

3. ANTENNA BANDWIDTH AND QUALITY FACTOR

Tn this section of the paper, expressions [or antenna bandwidth and qualily (actor are
presenied. The detailed derivations for these expressions are not presented here as this is
not intended 1o be the main focus of this work. Rather, the focus of this work is to
demonstrate the usefulness and validity of these expressions through a complete sel of
numerical solutions 1o several lossless and Jossy antennas, which include a straight-wire
(dipole) antenna; a circular-loop antenna; a very lossy, low () antenna; and a lossy,
electrically small antenna. Detailed derivations ol the expressions for bandwidth and ¢
can be found in {1] and [2].

3.1 Conductance Bandwidth

The conductance bandwidih for an anlenna tincd at a frequency o is defined as the
difference between the two frequencies at which the power sccepled by the antenna
{including both radiated power and power loss), excited by a constant voltage, is a piven
fraction of the power accepted at the frequency @, The conductance at a frequency wof
an antenna tuncd at the frequency ey, can be wntlen as

K, (w)

G () = —
A2 = s X )

(9)

lirom (6). it can be seen that there is a problem with using conductance bandwidth,
namely, that the frequency derivative of Gofe} evalualed at ey, equals
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dft

il
ac Ty ((ﬂu}
T a0y = —42—— (10)
des R,(e,}

- dR A :
and thus 1t 15 not zero at wyn unless -&-—”—[ajg) = ). 'l'his means that in general, the
i

conductance bandwidih will not reach a maximum at the [requency ey, In antiresonant
lrequency ranges where both the resistance and the reactance of the antenna are changing
rapidly with frequency, the conduclance may not posscss a maximum and consequently
the conductance bandwidth may not exist in these antiresonant frequency regions.

Al frequencics well away from the antircsonant frequency regioms of most antennas,

—= (@, } 18 greater than zero and is much smaller than . Under

de
these condilions the conductance will peak at a frequency much closer 1o @p than the
bandwidth and a simple expression for the conductance bandwidth can be found. IF il 13
assumed that the power accepted by the antenna al frequencics m = e, + Aw, 15 equal to

ar
’f‘ﬁ (6,,)

o VA
:ﬁ (mm }

(1 - &) times its value at @y then the conductance bandwidth is given by

A, —Aw 2.8 R (@)
7

rl
fid)
ef e ( ”)

FBW,,, =

(11}
mr]
fl

where JE:‘-.I'I 2 <1,

| —x

d - H - f . rh irﬁ = {-]
For most tuned antennas operating near resonant frequency regions, where E(mﬁ)

<

and

i (mﬂ)\, the conductance bandwidth ol the antcnna has generally
o

R
d_{; (e, )

been written as follows [3]

7R
j;'Ep}';:ﬂ . EVIEX U{m{?} {12)
@ —d; {t,,)

For the half-power cenductance bandwidth, = 1, and equations (11} and {12) simplify
accordingly. It is important to nole that in antiresonant regions of the antenna, where

Xy {@,) < 0, equation {12) will not approximate the bandwidth of the tuned antenna.
@
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3.2 Matched YSWR Bandwidth

The matched VSWR handwidth for an antenna luned at a frequency o is defined as the
difference between the two [Tequencics on cither side of @y at which the VEWR equals a
constant 5, or, equivalently, at which the magmtode squared of the reflection coetficient

(s —1)°

T, (@3] equals &=
5+

, provided the characteristic impedance Zqy of the feed line

equals Zofen) = Rofe). The magnitude squared ol the reflection cocfficient can be
written as [ollows

Xczl (({J‘) T [R{}{&J] — Rt) (wﬂ }]E

(e =
[To(@}] Xy(@) +[Rol@) + Ry(a,))

{13)

Both |T ()" and its derivative with respect to @ are zero at ex. Consequently,

|I", (@) [ has a minimum at e for all values of the frequency @y at which the antenna is

tuned and maiched to the leed line. This means thal the matched VSWR bandwidih
determined by

Xo(@) +[R, (@) — Bo{ep)F _
X2 (@) +[R,(e0) + R ()]

(14)

unlike the conductance bandwidth, exists at all frequencies, that is. throughout both the

antircsonant [ﬁi{m{ .3 =) and resoman {dX”
dey deo

{0, = 0) frequency regions. Thercfore,

ihe matched VSWR bandwidth is a more fundamental, universally applicable definition
of bandwidth for a general antenna than the conductance bandwidih.,

Beginning with equation (14), a simple expression for the matched VSWR bandwidth for
the tuned anlenna can be found and 1 given as follows

FBHIF — &w+ i 'ﬁm— ﬁi@ Rfi(mﬂ} (] 5}

ml':' pplel £ {fd(})

da

®,

where {F - [£ =521

For the half-power matched VSWR bandwidth, s = 5.828 and [ = 1. A comparison of
equations {153 and {11) revcals that

FBW,(m,)=2 FBW, (a,) (16}
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wherever the conductance bandwidth FEBF -pfer) exists, namely outside the antiresonant
frequency regions. The matched VSWR bandwidth FBW @) has the distinet advantage
over the conductance bandwidth of existing at every tuned frequency i, that is, within
both resonant and antiresonant frequency regions.

3.3 Exact and Approximate Expressions for the Quality Factor ({7) of an Anteona

The quality factor Of ) for an antenna tuned to have zero reactance al the frequency an
can be defined [3]-[1{}] analogously to the quality factor for resonant circuits, namely

mﬁ?’ W (mr:l }

Q[mf}) = PA (wo )

(17}

where W) is the reactive energy and Pafaxy} is the power accepted by the antenna that
includes both radiated power and power loss.

An exact expression for Ofaxy in (17) is derived through relating the antenna’s input
impedance to the fields of the antenna and then expressing both #fay) and Pafay) in
terms of these quantities. Again, the details of these derivations are contained in [1] and
[2] and only a brief summary and the resulting expressions are presented here.

The reactive energy Wfeyg) is expressed in terms of the frequency derivative of the tuned
antenna’s inpul reactance and the lield quantities as follows;

Wiew,)=W,(2,) + W () =20, (0,) = 2W (o) (18)

where Wafay) is the magnetic reactive cnergy and Wofayy) is electric reactive energy.
Additionally,

|1, [ X

Wiw,)= 4 ?:(ma)—{H’,_{mo)+lﬂ(mﬁ}] {19}

where W, (mn) and Wrfax) arc the dispersion cnergies associated with material loss and
the antenna lields, respectively. These dispersion encrgies can be written as follows

7 iE
W, (w,) = f’l j'( ~—-ll*+z—. E-E*}Q’V
{20}

+ % d i, a8,
J(drz lHl - dmlEl )dv
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where the frequency dependence of H and E are not explicitly written and where the
complex permeability and permittivity of the material comprising the antenna are given
as

E=g,= ji, £%& - & (21}

ef e ]
Hy =— =0, where o 15 the

For thin-wire lossy anlennas with g = 0, &= oo

d  dw
gonductivity of the wirc, the dispersion energy, ¥ in (20) can be further simplificd to
W, = Im [ =(}) iﬂ—(f; TED, g <1 (22)
wire length dw d
where ¢ is the wire diameter and & is the “skin depth”. Additionally, ={{) = ] 5 is the

resistance per unit length of wire and ff!} is the total current flowing in the wire al the
position / along the wirc.

The dispersion energy Hafei} can be written as follows

1 dF
Wolw,)=—— |Im (— - F*} dl2 23
dlg) =2 [Im (=== ") 23)

fodr

where Z; is the characteristic inpedance of free space and F is the complex far cleetric
ficld pattern F(6,¢) defined by

F(9,4)=Tim r ™ E(r,0,4) 4

It is very significant o note that the frequency derivatives of the field quantities and
current in (22) and {23} are determined with the antenna feed point (dniving) current set
io a constant value for all frequency (1 A in the case of the numerical results presented in
Section 4).

The total power accepted by the antenna Pafay) can also be expressed as a function of
the [ield quantities as follows

Pa(mo)=i [',F [ d<z+ 'i;& }‘(,u] 7+ e |[EFYdV {25}
Fa

1o

Howevet, it is more convenient to write Ffaxy) simply as a function of the antenna’s teed
point current and impedance as



P,y = o Kol o) 26)

Substituting cquations (19) and (26) into equation (17} an exact expression for the
quality factor of an anlenna is found to be

2,
({}_ U O( }_—
Q@) =30y der 0 10T Byl

W, () + We(e, )] (27)

Note that Ofew;) in (27) differs from the conventional formula lor the quality factor [3]

Qe ;J]"M{—”“}“d;( @, ) {(28)
}
by the term ﬁ—)[ﬁf ,,) + W,(e,)]. The formula in (28) is commonly used to
{3'

determine the quality lacior and bandwidth [1/Q for half-power conductance bandwidth
and 2/Q¢ for half-power matched VE8WR bandwidth] of tuned antcnnas. In general,
neither Ocfey) in (28) nor |Ocfon)| accurately approximates the “exact”™ ¢ in (17) and
(27) of tuned antennas in antiresonant regions.

The total dispersion encrgy, Wifent + Walein). can be estimated to get an approximate
expression for Oy that can be related to the bundwidth of the tuned antenna. From [ 2],
it can be shown that ¥y can be approximated as follows for all regions of frequency,
that is, throughout both resonant and antiresonant regions

1 s
Ol ) = (7 le,) = ZR{;( o) [aw u}| {29}

Comparing (29) with {15} one finds that O @) can be directly related to the inverse of
the matched VSWR bandwidth as fotlows.

2@ N €,

FBW (w,) 2R (a;)

Ha,) =

%0 (4 {;)\ (30

u‘m

4, NUMERICAL SOLUTLONS

In this section of the paper, numernical solitions for several lossless and lossy antennas
arc used {o validate the expressions presenied for the bandwidth and quality factor of the
uned antenna. The antennas considered here include the straight-wire {dipole} anlenna;
the circular-loop antenna; a resistively loaded, low (2 dipole antenna; and an electrically
small folded spherical helix dipole antenna. The numerical analysis of these antennas is



performed using the Numerical Electromagneties Code, version 4 {NEC) [11]. Using
NEC, the impedance properties of these antennas are cornputed over a wide range of
operating frequencies .

Using the computed impedance data, the exact matched VSWR bandwidth is determined
for cach operating frequency by tuning the antenna at (he desired operating frequency
with a lossless seties reaclance. The tuned [requency is designated ax. A lossless
inductor, Ls, is used to tune the antenna’s reactance X{ep) to zoro [Xpfan) =
X{en) + Xefeig) = 0] if Xfeo) is less than zero; and a lossless capacitor, Cs, is used 10
tune the antenna’s reactance to zero if X{oyy) is greater than zero. Once the antenna is
uned at the desired operating frequency, the VEWR of the tuned antenna is determined
for all frequencies @, under the condition that the feed line impedance Zey is equal to the
antenna’s tuned impedance at ap, that s, Zey = Zofey) = Rofery). The cxact matehed
VSWR bandwidth abous the tuned frequency ) is determined for a specific value of
VSWR 5, from the range of frequencies (@, - &) where the VSWR is less than or equal
1o 8.

&8, —
FBHﬁ»‘ J 2 A (31)

(P

In addition to determining the exact matched VSWR bandwidth, the exact ¢ of the
antenna is found using eguation (27). The first term on the left hand side of (27),
Lﬁf-’r{mujs is evahuied directly from the antcnna’s feed point impedance,
2R (w,) da

where %(ﬂfb} is evaluated using equation (6). The second term on the left hand side
€

a6,

| L |2 Ro(au;)

field and current disiritnitions.

of (27}, [, (e,) + We{m, )], is evaluated numerically from the antenna’s

The dispersion encrgy, Waefexy) is evaluated directly using equation (23). The complex
far-field pattern is cvaluated at cach frequency over the entire spherc of radiation n
angular increments of 0.5 degrees in both standard spherical angular sweep pianes, & and
4. This results in a total of 260,281 complex far-field values bemng determined at gach
frequency. If the antenna being cvaluated is known to have an angular symmetric
radiation pattern (amplitude), the number of far-field points cvaluated and the integral in
{23) can be simplificd accordingly. The frequency derivative and integral in (23) are
evaluated numerically for each observation angle and frequency as necessary. In

frequency regions where the frequency derivative ™ varies rapidly, the frequeney
dao

. . dr
inerement must be set to a value that will cnsure numerical convergence. Generally, T
@

varies mosl rapidly in frequency tegions near antiresonance. The frequency nerenment
used to evaluale the expression in (23) i3 typically sel to 0.5 or 1 MHz. However, in
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regions very near antiresonance, frequency increments of less than 0.1 MHz may be
necessary.

Another factor that must be considered in the evaluation of (23) is the polarization of the
antenna’s far-field radiation. If the anienna is purely linearly polarized, the total
dispersion energy Wrfwg) is simply determined [rom the antenna’s single polarization
component. I the antenna radiates orthogenal polarization components. as Is the casc for
the cirenlar-loop anlenna, the dispersion energy associated with each component must be
determined. The total dispersion energy is then found from the summation of the
individual compoenent dispersion energics.

If the exact (7 is determined for a lossy antenua, the material loss dispersion encrgy
Wifen) must be evalualed using (22). To evaluate the frequency denivative and integral
in (22), the current distribution along the wire is caleulated using NEC at each operating
frequency. The number of segments along the wire must be chosen to ensure that the
current distribution is adequately determined as a function of wire length, Additionally,

i -,
the frequency increment must be chosen to ensure that the frequency derivative ™ s
@

cvaluated properly.

In addition to determining the exact matched VSWR bandwidth and exact () of each
antenua, the approximale expressions {or quality factor, Qcfexy) and Oz, determined
from (28) and (29) respeclively, are both evalnated and compared to the exact values. To
compare the exact matched VSWR bandwidth wilh the antenna’s qualily factor, the exact
bandwidth value is converted (o an cquivalent value of quality faclor using (30) as
follows

2 \,'"E
.} w —— 32
Qh( ? } FB ;.F'P' AT (wﬂ } (-J j

4.1 Conduectance and Matched VSWR Bandwidth

Consider a lossless center-fed, straight-wire (dipole) antenna having an overall length of
1 m and a wire diameter ol | mm. Using NEC, the feed point {input) impedance of this
antenna was computed and is presented in Figure 2 for a frequency range covering its
first resonant and antircsonant itequency regions. At low frequencies, where the antenna
is small with respect to the operaling wavelength, the feed point resistance (and 1ts
frequency derivative) is small and the magnitude of the fecd point reaclance {and its
frequency derivative) is telatively high. With increasing frequency, the antenna becomes
self-resonant at a [requency where its length is approximately onc-half of the operating
wavelength and antiresonant at a frequency where its length is approximately equal to the
operating wavelength, With further increase in frequency, the antenna’s impedance will
undergo successive regions of resonance and antresonance.  For this straight-wire
antenma. the first resonant frequency ocewrs at approximately 144 MHz and (he first
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antircsonant frequency oceurs at approximately 279 MHz. To illustrate the limitations of
using exact conductance bandwidth versus exact matched VSWR bandwidth, both are
computed at rtesonance and anliresonance and compared with the approximate
expressions for bandwidth given in equations (11), (12) und {13).

The exacl conductance bandwidih is determined by setling the feed voltage driving the
wned antenna to a constant value {1 Voli} and normalizing the power accepted by the
antenna to that of the tuned frequency, The power accepted by the straight-wire antenna
as a function of frequency, normalized to the values al the tuned frequencies of resonance
and antiresonance, are presented in Figures 3 and 4, respectively.

Examining Figure 3, which presents the accepled power versus frequency notmalized to
the power aceepted at its resonunt [requency, it is seen that the maximum accepted power
oceurs noar the resomant frequency and that the cenductance bundwidth about the
resonant Irequency is reasonably well defined.  The exact half-power conductance
bandwidth about resonance is 7.16% while the approximate half-power conduclance
bandwidth determined from (11} and {12} is 12.09% and 12.36%. rcspectively. Both of
these values are somewhat reasonable approximations o the exact conduclance
bandwidth and they are similar in magnitude since the [requency derivative of the
antenna’s resistance is relatively small compared te that of the antcnna’s reactance in
Tegions ncar resonance.

Examining Figure 4, which presents the accepted power versus frequency normalized to
the power accepted at ihe antircsonant [frequency, it is seen that the maximum accepted
power does not occurs near the antiresonani frequency and that the conductance
bandwidth about the antiresonant frequency is not delined. This illustrates the significant
limitation in using conductance bandwidth to define the bandwidth and quality factor of
the antenna in {Tequency regions near antiresonance.

As an alternative io using conduclance to define the bandwidth properties of the antcnna,
maiched VSWR bandwidth may be used. The matched VSWR bandwidth of the tuned
antenna is delermined directly from the antenna’s VSWR properties where the VEWR is
determined by assuming the transmission line feeding the antenna has a characieristic
impedance cqual to the antenna’s feed point resistance at the funed frequency. For the
purposes of this work, the VSWR of the straight-wirc antenna is not presented. Rather,
1— |1 () [ is presented for the matched VSWR referenced to the resonant and

antircsonant frequencies in Figures 3 and 6, respectively.

Examining Figures 5 and 6, it is evident that the matched VEWR bandwidth cxists and is
well defined in frequency regions of resonance and antiresonance, and is therefore a more
reliable indication of the antenna’s bandwidth properties than the conductance
bandwidth, which does not exist in togions of antiresonance. The exact matched YSWR

bandwidih, defined at the cquivalent half-power points (v = 5.828, 11T (e} [ =0.5), s
found to be 25.2% and 37.5%., reforenced (o (he resonance and antiresonance [requencies,

respectively. The approximate half-power matched VSWR bandwidth, again defined at
the equivalent hall-power points, is found from (15) to be 24.2% and 38.9%, rcferenced
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1o the resonant and antircsonant frequencies, respectively. These approximate values are
in excellent agreement with the exact values in regions of both resonance and
antiresonance.

4.2 Bandwidth and Quality Factor of the Lossless Straight-Wire Antenna

In the previous section, the exact and approximate conductance and matched VSWR
bandwidth of the lossless straight-wire antenna werc caleulated and compared. It was
shown thal (he matched VSWR bandwidth provides a morc reliable indication of the
antenna's inherent bandwidth propertics throughout resonant and antiresonant [requency
regions. In the remaining sections of this paper, the exact and approximate quality factor
((J) of several lossless and lossy antennas are compuled and compared with the antenna’s
exact matched VSWR bandwidth 1o illustrate several imporiant peints.  First, the
comparisons illustrate the significant relationship that exists between exact ¢ and exuct
matched VSWR bandwidth over all regions of opeeating frequency. Second, the
comparisons illustrate the validity of using the approximate expressions for matched
VSWR bandwidth and (2 [specifically equation (30)] through ail rcglons of frequency.

The first antcnna considered is the lossless, straight-wire (dipole) antenna that was
described in the previous section, This antenna has an overall length of 1 m and a wire
diameter of 1 mm. The calculated (NEC) impedance propertics of this anlenna were
previously presented in Figure 2 for a frequeney range covering the first resonance and
antiresenance.

Using the calculated feed point impedance, the exaet matched VSWR bandwidth was
calculated using equation (31) with a defined VSWR, s = 1.5. This exact matched
VSWR bandwidth was then converted to an equivalent {0 using equation (32}, In this

case, JE = 0.2041. This conversion to an equivalent @ allows the cxact matched VEWR

bandwidth to be compared directly with the exact Q |determined using equation (27)] and
the approximate Q |determined using cquations (28) and (29)}. For graphical
presentalion purposes, the equivalent ¢ determined from the exact malched VSWR
handwidth is designated {);.

The frequency derivative ol thc antenna’s reactance was used 1o detenmine the
approximate (@ using equation (28). Tor graphical presentation purposes, this
approximate ) is designated Q. Additionally, the frequency derivative of the antenna’s
impedance was used to determine the approximate { using equation {29). For graphical
presentation purposes, this approximate ¢ is designated (. Finally, the exact {J of the
antenna was calculated using the frequency derivative of the antenna’s reactance and the
frequency derivative of the antenna’s radiated far-field properties using equation (27).

A comparison of the exact @, (s, (¢ and {7 for the lossicss straight-wire antenna 1s
presented in Figure 7. Examining Figure 7, it is significant to note the excellent
agreement between the exact 0, the equivalent {J determined from the exact bandwidth,
O, and the approximate ¢ determined from the frequency derivative of the antenna’s
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impedance, 9. These threc quantities are determined in significantly different manners
vet; they remain in cxcellent agreement throughout all ranges of Irequency including both
resonant and antiresonant regions. It is also significant to note thal the conventional
approximation of Q, (), determined from the {requency derivative of the amtenna’s
reactance, does not provide a reasonable cstimate of the exact {2 or the antenna’s matched
VSWR bandwidth in frequency regions near antircsonance.

Beyond the antenna’s first resonant and antiresonant frequency regions, the antenna’s
input impedance will undergo successive alternating regions of resonance and
antitesonance. The input impedance of the lossless, straighl-wire antcnna as a function of
increasing [requency is presented in Figure 8 for a frequency range of 450 MHz through
2000 MHz. In regions of resonance, the antenna’s input resistance is of moderate valug,
while in regions of antiresenance it is high in value. A comparison of the exact Q, O, (¢
and (7 over this range of frequency is presented in Figure 9. Tt can be scen that the
values of exacl €, Oy and Q7 remain in cxcellent agreement throughout all ranges of
frequency including all regions of resonance and antiresonance. Tt can also be seen again
ihal the conventional approximation of £, ¢, does not provide a reasonable estimate of
the exact O or bandwidth in regions of antiresonance.

Considering the form ol egquation (27), the expression for exact (2, and the reasonable
agreement that exists between exact { and the conventional approximation (Y} al low
frequencies and in frequency regions ncar resonance; and the disagreement between exact
¢ and (¢ in regions near antiresonance, we can conclude the following: At very low
{requencies, where the antenna is small, and in frequency regions near resonance, the
dominant factor in determining the quality facter of the anterma is the frequency

derivative of its input impedance, . L'his also implies that the dispersion engrgies W
@

and W are close 1o zero in these frequency regions. It is also significant to note that in

these frequency regions, the value of j—ﬂ is relatively small. [n frequency regions near
&

amiiresonance, the frequency derivative of the antenna’s input reactance is less dominant
and the dispersion energies B, and H7 become significant in determining the qualily
factor ol the antenna.

It has been suggested that the magnitude of the frequency derivative of the antenna’s
reaclance provides a more reliable indication of the exact ¢ and bandwidth than the
frequency derivative itselt [12). The approximate O over (he fuil range of frequencics

This new

dw
approximate £, designated |QO¢|, is compared with the cxact {2 in Figure 10, Other than

was calculated using equation (28) where Py was replaced with
i

&
does nol provide a reasonable estimate of exact ¢ or bandwidth in regions of

very near the exact frequency of antiresonance, the approximate ¢ calcuialed using

does provide a reasonable estimate of exact ¢ and bandwidth

antiresonance. Using
L
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4.3 Bandwidth and Quality Factor of the Lossless and Lossy Circular-loop Antcnna

In this section of the paper, the quality factor and matched VSWR bandwidth of the
circular-loop anlenna are considered. The circular-ioop antenna considered here has a
total wire length of approximalely 2.18 m and a wire diameter of | mm. The total wire
length, and hence loop circumference, was chosen such that the first resonant frequency

. . A . .
of the circular-loop, that is where X = { and j—}ﬂ, identically matches the first
1)

resonant frequency of the straight wire antenna, approximately 144 Mllz. The lossless
input impedance of the ciréular-loop was calculated using NEC and is presented in Figure
11. One of the significant dilferences to note in comparing the impedance properties of
the circular-loop antenna to those of the straight-wire antenna is that at low frequencies,
the citcular-loop anlenna undergoes an anliresonance prior to its first resonance. The
frequency of the circular-loop’s first antiresonance is approximately 66 MHez.

A companson of the exact , (. Q¢ and Oz for the lossless circular-loop antenna is
presented in Figure 12, Hxamining Figure 12, it is again evident that the cxact (), the
exact matched VSWR bandwidth, and the approximate expressions lor ¢ ({7} are in
excellent agreement over all ranges of [requency. ‘The conventiomal approximate
expression for ) is agreement with the exact ¢ al low frequencies and in regions of
resonance however, it does not provide a rcasonable approximation of the exact ¢ in
regions of anfiresonance.

To further illustrate the agreement between exact () and the exact matched VEWR
bandwidth in regions of antiresenance, an expanded view of the antiresonant irequency
region (= 66 MHz) is presented in Vigure 13. The agrcement between exact ¢, {J and
(Jz, illustrates the dependence and significance of using the radiation dispersion energy
term, W, in determining the exact () of the lossless antcnna.  To illustrate the
significance of the loss dispersion energy term, Wy, in determining the exact @ of the
lossy antenna, the quality factor and bandwidth of the lossy circular-loop were
determined. l.oss was included in the NEC model of the circular-loop by specilying
finite wire conductivity. In this case, the conductivity of copper was specified in the
model.

The exact (2, exact matched VSWR bandwidth () and approximate O (Qc and (J7) were
determined for the lossy circular-loop and are presented in Figure 14, In Figure 14, the
terms comprising the cxpression for exact @ [equation (27)] are presented separately to
illustrate the significance of using each term in caleulating the exact . The curve for O
represents the conventional approximation for @ [¢quation {(28)] and the first term of the
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exact (J in equation (27). The curve representing {¢ + O, is a calculation of exact
using only (- and the radiation dispersion cnergy F terms. Nole that the summation of
these two terms does not provide an accurate caleulation of the exact 0. Once the loss
dispersion energy term is included in the caleulation of exact (0, the results are consistent
with matched VSWR bandwidth and the approximate & {{J;) detcrmined using equation
{29).

4.4 A Comment on the Quality Factor and Lower Bound on §? for the Lossless and
Lossy Antenna

In the previous section, the quality factors of the lossless and lossy circular-loop antenna
were determined using the exact expression for ( and the approximale expressions for
{()» and Or). In examining Figures 13 and 14, it 13 cvident that the {J of the lossy
circular-loop is less than that of the lossless loop. This is an expected result since a lossy
antenna has a lower {# and correspondingly larger bandwidth than 1ts lossless counterpart.

An interesting poinl to cxamine is the relalive behavior of the lossy straight-wire and
circnlar-loop antennas as a function of decreasing frequency. It is well known that the
Fimdamental limit, or lower bound of © for the lossless antenna increases with decreasing
frequency as follows [6]

! I

O = W"'E (33)

. 2x . . . .
where & is the free space wave mumber > and ¢ 1s the radius of an imaginary sphere

encompassing the maximum physical dimension of the antemna.  For very low
frequencies where &z is very small, the first term in (33) dominates and (33) can be
simphficd to

: |
Q.r_r.u."r ~ W (3 4)

This implics that for any lossless antenna, having a fixed volume and far-field pattern, the
O increases without bound with decreasing Irequency. It is interesting lo now consider
the behavior of the lossv straight-wire (eleciric dipole) and circular-loop {magnetic

dipole} anlennas.

The very small, lossy, electric dipole of Jength { has a radiation resistance that can be
approximated as

R: =20 (gf (33)
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If the skin depth & < &2, where d is the diameter of the wire, the lossy electric dipole has
a loss resistance given by

i Jkon,
CHL 2 {36)

Row—
T 2rd 2

where pis the resistivity of the wire. The lower bound on the quality factor of the lossy
electric dipole can he approximated as

20 1 “‘
o= %M_ﬂr{ﬂ— &7
) (E]i_m(zﬂ + & J

where 73, is the radiation efficiency of the electric dipole. For small values of £, equation
{37} can be simplificd as follows:

_40

18
CWER G8)

Ql’!

With decreasing frequency, k approaches O and therefore, {° approaches <o, lior any

small, lossy, clectric dipole antenna (or any small lossy antenna operaling in an electric
dipole mode) the fundamental lower bound on radiation { approaches infinily with
deereasing frequency.

The very small, lossy, magnetic dipole of radius » has a radiation resistance that can be
approximated as

RE =20 7% (hr)’ (39

The lossy magnetic dipole has a loss resistance given by

d\V 2

The fundamenta! limit on the quality factor of the lossy magnetic dipole can be
approximated as

UL N N N )
(kry 20 7% (kr), + BT |

where 7, is the radiation efliciency of the magnetic dipole (loop). For very small values
of &, equation (41} simplifies to
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With decreasing frequency, & approaches 0 and thercfore, ¢ approaches 0. For any
simall, lossy, magnetic dipole antenna {or any small lossy antenna operating in 4 magnetic
dipole or loop mode) the fundamental lower hound on radiation £ approaches zero with
decreasing frequency.

Evidence of the relative behavior of the quality factors of the small Tossy dipole and loop
anichnas is given by [irst considering the relative behavior of their efficiencies as a
[unction of decreasing lrequency. The efliciency of the straight-wire (dipole) and
circular-loop antcnnas discussed in the previous sections are compared in Figure 135 for
frequencies below their first resonant frequency (144 Milz). Tiis significant to note the
difference in their relative behavior with decreasing frequency when the antennas are
very small electrically.

Comparisens of the approximate @ ({2} relative 1o the lower hound on O for the Jossless
and lossy straight-wire and circular-loop antennas are presented in Figures 16 and 17,
respectively. As discussed above, the lower bound on § for both the lossless and lossy
straight-wire antenna increases towards infinity with decreasing frequency. It is
significant (o note that the actual {2 for the straighi-wire antenna is significantly greater
than the lower bound. The lower bound on @ for the lossiess circular-loop antenna
increases towards infinity with decrcasing frequency. However, the lower bound on O
for the lossy loop approaches zero with decreasing frequency. [t is again signilicant to
note that the actual @ for the circular-loop is significantly greater than the lower bound.
At no time is the actual quality facter less than the lower bound defined approximately by
i
(hay®

4.5 Bandwidth and Quality Factor of a Lossy Electrically Small Antenna

In the previous sections, the bandwidih and quality lactor of the straight-wire and
circular-loop aniennas were considered. The dimensions of these antennas were choscn
such that they are self-resonant al the same frequency and at a frequency where (heir
overall dimensions would not be considered electrically small. The straight-wire antenna
is rcsonant al a frequency where its overall length is approximately one-half of the
operating wavelength (ka = 1.57). The circular-loop antenna is resonant at a irequency
where its overall length is approximately cqual to the operating wavelength (ka = 1). In
this section, the bandwidth and quality factor of an clectrically smail antenna are
considered to illustrate the validity of the cxact and approximate expressions for Q for
antennas of small size and more complex geometry, In this case, the contiguration of the
antenna is chosen such that it is sclf-resonant at a frequency where it may be considered
clectrically small.
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The electrically small antenna considered here is the folded spherical helix dipole antenna
depicted in Figurc 18. The monopole version of this antenna is deseribed in [13] and
[14]. This anlenna has an overall height and diameter of approximately 11.8 ¢m and a
wire diameter of 2.6 mm. It has a single feed point and operates in a foided dipole (leop
or magnetic-dipole) mode. It is self-resonant at a frequency of approximately 209.5 MHz
{ka = 0.26) with a resonant resistance of 49.5 (2 and an efficiency of 92%. The feed point
impedance properties of this antenna are depicted in Figure 19. Opcerating in a folded
dipole or magnetic-dipole mode, its impedance properties undergo an antiresonance prior
to 1is first resonance.

A comparison of the exact (2, Op O and s for the lossy electrically small folded
splierica) helix dipole antenna is presented in Figure 20, Examining Figure 20, it is again
cvident that the exact (2, the exact matched VEWR bandwidth, and the approximate
expressions for @ ((J) arc in excellent agreement over all ranges of frequency. It is also
significant to note two additional points, First, at its resonant frequency of 209.5 Mz,
this antenna exhibits a quality factor that is within 1.5 times the fundamental lower bound
on O. Finally, as with any lossy antenna operaling in a magnetic-dipole or loop mede,
the radiation {J approaches zero with decreasing frequency.

4.6 Bandwidth and Quality Factor of a Lossy Very Low Q Antenna

In this section, the bandwidth and () of a lossy, very low { antenna are considered to
validate the exact and approximate expressions for bandwidth and { for antennas with a
low {, that is, ¢ ( less than 2. The antcnna considered here is a resistively loaded
straight-wire antenna having a length of 1 m and a wire diameler of 1 mm. The antenna
is uniformty toaded over 101 segments with a resistance of 10 ohms per segment.

The input impedance properties of this resistively loaded antenna are depicted in Figure
21. This antenna undergoes a resonance and antiresonance at frequencies of
approximately 174 Mllz and 219 MHz, respectively. A comparison ef the exact ¢, O,
O and (- for this antenna i3 presented in Figure 22, Over the range ol frequencies
presented here, the radiation  is approximately less than 2. Examining Figure 22, it is
again cvident that the exact O, the exact marched VSWR bandwidth, and the approximate
expressions for { () ate in very good agreement over all ranges of frequency ior these
fow values of 0. It is also significant to note that the equivalent £/ determined from the
exact matched VSWR bandwidth and the expression for {7 are in excellent agreement. Tl
is also important to note that in determining the exacl ) using equation (273, the
resistance per unit length of the wire was assumed to be 10 ohms when delermining the
Ioss dispersion encrgy, H.
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5. DISCUSSION

[t was shown that the matched VSWR bandwidth is a more reliable quantity for defining
the bandwidth propertics of an antenna than the conductance bandwidth. An exact
expression for the quality factor {{) of a general one-port antenna was preseoted. It was
shown that the exact { of the general ome-port anicnna is a function of the frequency
derivative of the anlenna’s input reactance and 1wo dispersion energy terms associaled
with material loss and the radiation fields, Approximate expressions for the quality
factor and maltched VSWR bandwidth were presented. These expressions were shown to
be more rcliable than previous cxpressions in predicling the antenna’s & and bandwidth
throughout all regions of frequency, that is, throughout regions of resonance and
antiresonance. Numerical solutions for the straight-wire, circular-loop, electrically small
antennz and a low ) antenna were presented validating these expressions.
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Figure 2. Tnput impedance of the lossless straight-wire (dipole) antcnna having an overall
length of 1 m and a wire diameter of 1 mm.
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Relative Accepted Power {d8}

Figure 3. The power accepled by the lossless straight-wire (dipole} antenna normalized
to the power accepted by the anlenna at its resonant frequency (144 MHz) when the
antcnna is fed with a constant vollage. 'This provides an indication of cenductance

bandwidth.

Relative Accepted Power {dB}

Figure 4. The power accepled by the Jossless straight-wire (dipole) antenna normalized
to the power accepted by the antenna at its antiresonant frequency (279 MHz) when the
antenna is fed with a constant voltage. This provides an indication of conductance

bandwidth.
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Figure 7. A comparison ol the exact @, the equivalent O deternuned from the anlenna’s
matched VEWR bandwidth (@, and the approximate ¢ determined from the frequency
derivative of the antenna’s impedance and reactance, (J; and O, respectively for the
iossless straight-wire antenna.
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Figure 8. Input impedance properties of the lossless, straight-wire (dipolc) antenna as a
function of increasing frequency, covering a frequency range of 450 MHz through 2000
MHz.
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Figurc 9. A comparison of the exact (0, the equivalent O determined from the antenna’s
matched VEWR bandwidith (%, and the approximate {# determined from the frequency
derivalive of the antenna’s impedance and resctance, {3, and ()¢, respectively, for the
lossless straight-wire antenma, covering a frequency range of 450 Mllz through 2000
MHz.
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Figure 18. The electrically small folded spherical helix dipole antenna having an overall
height and diameter of approximately 1.8 cm and a wire diameter of 2.6 mm.
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On the Radiation Properties of Electrically Small Multi-Arm
Folded Wire Antcnnas

Steven R. Best
Air Force Research Laboratory
Sensors Directorate, Antenna Technology Branch
80 Scott Drive
Hanscom AFB, MA 01731

Abstract: The radiation properties of elecinically small folded wire antennas are
considered and compared as a fanction of height, occupied volume, geometry and the
number of folded arms in the antenna structure. The radiation properties considered here
inclnde resonant resislance, efficiency and bandwidth, which is indicated by the antenna
quality factor, (. It is demonstrated thal electrically small, muliple-arm, folded wire
antenna designs offer signilicant performance improvement in terms of incrcasing
resonant resistance, bandwidth and efficicncy, [Towever, when multiple-arm, folded wirc
antennas of the same height and occupied volume. but having significantly differing
geometrics, are made 1o be resonant at the same frequency, they exhibit similar resonant
hehavior. ‘This illustrates that the resonani performance properties of these antennas are
primarily a function ol their height and occupicd volume relative to the resonunt
wavelength.  Additionally, various design oplions are considered and described for
achieving self-resonance and a reasonable impedance match with any elecincally small
folded wirc antenna design.

Keywords:  Elecirically small antennas; folded monopole antennas; folded dipole
HNLENNAS,

1. INTRODUCTION

In a previous effort |1-2], the radiation properties of the multiple-arm, folded spherical
helix antenna were described and it was shown that sclf-resonance, low (0 and a
regsonable impedance match (relative to a 50 Q feed line) could be obtained in an
elecirically small volume by adjusting the number of folded arms and the individual arm
length. In the previous work, the spherical helix geometry was chosen because it
efficiently filled the spherical volume defined by an imaginary sphore having a radius
equal to the maximum dimension of the antenna. [Note: The radius of the imaginary
sphere is defined by the maximum dimension of the antenna when the awtenna operates in
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a “monopole configuration” where I is base fed and it is mounted over an infinite
ground plane.  The radivs of the imaginary sphere iy defined hy one-half the maximum
dimension of the antenna when the amtenna operates in a “dipole configuration” where it
is center-fed and no ground plane is used.  An electrically small antenna is generally

. . . . ) A
considered to be an anterna having ¢ maximum spherical radins equal fo 2— Here an
s

electrically smalf untenna is one having o maximum spherical radivs equal to -:; {314
x

Achicving self-resonance, low @ {relative 1o the lundamental lower bound on @) and a
reasonable impedance match in an electrically small volume 1s not unique to the folded
spherical helix geometry. While the spherical helix geometry natarally fills a sphenical
volume, the design concepls associated with achieving self-resonance and an impedance
match in an electrically small size can be nsed with any geometry.

Here, the concepts that were used in designing the folded spherical helix antenna arc
described in detail and ibey arc applied to a variety of antcnna geometries to illusirate
that the antcnna geometry, in and of itself, is not the sigraficant factor in achieving the
desired resonant performance propertics.  Additionally, it is shown that these design
concepts can be implemented in a number of ways and the performance properties remain
gimilar (within reasonable limits). This leads to the general conclusion that the resonant
perigrmance properties ol these antennas are primarily a function of the anlenna’s height
and occupied volume relative to the resonant (or tuned) wavelength.

2. ACHIEVING SELF-RESONANCE AT LOW FREQUENCIES

Consider the generic {olded meonopoele antenna depicted in Figure 1, having a height of 6
cm, a digmeter of 12 cm and a wire diameter of 1 mm. The radius of an imaginary sphere
encompassing the maximum dimension of this antenna is approximately g = 8.48 cm.

Using a eriteria of @ = ot this antenna could be considered electneally at frequencies
T

less than approximately 281 MIlz. The folded menopole antenna shown in Figure 1 is
modeled over an infinile PEC ground plane. This antenna is essentially a half-loop fed
against a ground plane and operates in “magnetic-dipole” mode at very low frequencies.
Additionally, il is impaortant to note that the discussion and design concepls presented
here apply equally to the folded dipole antenna, which is essentially a full loop. The
impedance properties of the folded monopole shown in Figure | were calculated using
the NEC 4 engine of EZNEC Pro [4] and are presented in Figure 2. In this case, the
impedance ol the antenna was calculated to include the effects of copper loss within the
WITE.

At very low frequencies, ihe folded monopole’s impedance exhibits a very low resistance
(®) and a reasonably low inductive (posilive} reactance (X). With increasing lrequency,
the folded monopolc’s impedance cventually undcrgoes an anlircsonance, which is
characterized by a very rapid transition from a large —X value to a very large =X value
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and where "3_’ the frequency derivative of X, is less than zero. With further increase in
der

frequency, the folded monopole’s impedance exhibits a resonance, where X =0, and ;Tﬁ
&

=

For a folded monopole having the perimeter ratio described here, the resonant frequency
is approximately 686.5 MHz and the feed point rcsistance is approximately 66 €.
Operaling in a folded dipule mode, where the ground plane is replaced by the image of
the wire structure, the resonant resistance would be approximately 132 (). |Nofe: A
tepical folded dipole antenna, designed to have a resvnant feed point resistance near 300
2 has o highly compressed perimeter vatio, wheve the depth of the folded sivucture is
significantly less thawn its overafl length {(as defined in the E-plane) |

Feed Polot N —

—

——

Ground Connection ™. —

Figure 1. Geometry configuration of the single-wire folded monapole antenna operating against an
intinite FEC ground plane.

2.1 Lowering the Scif-Resonant Frequaency

L X . .
Achieving resomance (j— > {J) at a frequency less than the inherent resonant frequency
i

of (he antenng is more than simply an exercise in tuning out the high capacitive reactance
that exists in the Irequency region between antiresonance and resonance. At its inherent



resonant frequency, the folded monopole antenna behaves as a series R £, C cirenit
having a feed point impedance of the form Zfey — Ry + jAfw), where

Xlw)y=wlL-j % and the ellective values of L and C are such that Xva) = £ To Jower
@

the resonant frequency, the effective values of £ and/or ' at feed point must be increased.
As the effective values of L or  at the feed point increase, the resonant frequency
decrcases, and Ihe total impedance curve of the folded monopele is essentially
compressed towards lower [requencies.
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Figure 2. Input impedance properties of the single-wire folded monopole antenna throogh the first
antiresenant and the first resonant frequencics.

When the resonant frequency decreases and resonance compression wilhin the total
impedance curve occurs, the value of the inherent resonant resistance does not track with
ihe docreasing resomant frequency. As the resonant frequency of a fixed size or fixed
volume antenna decreases with increasing values of effective L and (U at the feed point,
the resonant resistance and bandwidth decrease as well. This is a result of the fact that
the antenna is much smaller relative to the longer resonant wavelength. An antenna’s
resonant performance properties are primarily a function of the anienna’s size Or
occupied volume relative to the resonant wavciength. Al the same time, it is recognized
that antennas of different class or tvpe, while oceupying the same volume and having the
sarme resonant frequency, may have different resonant performance properties. In the
case of the folded monopole antenna, it is also interesting to note that the self-resonant
frequency can be decreased to a frequency lower than the inherent antiresonant
frequency.

To lower the resonant frequency of the folded menopole antenna, the effective values of
L and ¢ at the feed point can be increased in a number of ways. The self-inductance of
the anlenna can be incrcased by simply adding wire length to the structure or adding a
fixed or (unable lumped inductive load as illustrated by the meunder line and inductive
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load antenna configurations depicted in Figure 3. The toial wire length in the meander
line configuration is approximately 40.4 cm. The impedance properties of these
antcnnas, both designed to be resonant at the same frequency, are presented in Figure 4.
The resonant frequency of thesc antennas is approximately 539 MHz, which is a 21.3%
reduction relative to the initial folded monopole configuration of Figure 1. At the lower
resonant {requency, the resonant resistance decreases from 66 £ (at the mherent resonant
frequency) to 408 Q and w 4835 Q for the meander line and inductive load
configurations, respectively. Some difference in resonant resistance is expeeted since the
configurations arc notably dilferent and the loss within cach antenna differs as a function
of the wire loss and inductor loss. The inducter load was assumed to be lossless and has
a value of inductance, £5=0.0335 pH. It is significant to note that the meander line and
inductive load configurations exhibil very similar resonant resistance even though
resonance 15 achieved with different techniques.

The approximale resonant {J of these configurations was caleulated using the following
expression [3]

0= = fﬂ]1+[£+m]2 (1)

:ﬁ L efip do o

where £ and X are the antcnna’s frequency dependent {eed point resistance and reactance,
respectively. The @ was found to be 103 and 11.6 for the meander line and inductive
toad configurations respectively. The inverse (4 of the antenna provides a very accurate
indication of the bandwidth properties of the antenna, indicaling that the resonant
handwidths of these antennas are very similar. The resonant @ of the initial folded
monopole configuration is 6.2 indicating its bandwidih is greater than that of the meander
line and inductor loaded configuraiions. The resonant bandwidth decreascs with
decreasing tesonant frequency because Ihe velume of the antenna is much smaller
relative to the longer resonant wavelength.

Another intercsting point to consider is the change in impedance occurring at 539 MIlz
botween the initial folded monopole configuration and both the meander line and
inductive load confipurations. The initfal folded monopole configuration has an
impedance of 43.2 — j188.1 2 at 539 MHz, while the meander line and inductive load
configurations are resonant, having resistances of 40.8 €1 and 48.5 £, respeetively.
Increasing the sel[-inductance of the antenna structure to lower the resonant frequency
will effectively tune (he capacitive reactance to zero but will not, in general, sigmficantly
alfect the resistance properiies of the anlenna at the new resonant frequency. [Note: This
will generally remain valid under the condition where the anterna’s new resonant
frequency is well above the antenna’s inherent antirésonant frequency and the antenna's
inherent resistance is decreasing with decreasing frequency. As the operating frequency
approaches antiresonance, the Inherent resistonce hegins lo increase rapidly and will
differ significantly from that of the anlenna with the lower resonant frequency, when
compared at the same freguency. With these simple configurations made to be resonamnt
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at @ lower frequency, antenna’'s resonant resistance will be less than that of the antenna’s
resistance of #y inherent rexonant frequency. ]

g
E-""‘h-._“_.‘-‘
“-_H""m-.__
~.
S
e
L =
& f,,.a-f”'f ’
T
—
el

Meander Line Inductively Loaded Folded
Monopole

Inductor

Fized or Tunable Lumped Element Inductor
Loaded Folded Monopole

Figure 3. Geometry conligurations of the meander line and inductive load folded nionopole antenns

configurations.
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specific choice of the wire top plate dimensions (12 cm x 12 em). At the lower resonant
frequency of 337 MHz, the top-loaded configuration has a resistance of 25.8 Q, which 13
again lower than that of the initial resonant resistance of 66 €1, The resonant {) of this
antenna increases to a value of 10.3.  An interesting point to note is that when the
inductive lead configuration of Figure 3 15 luned to be resonant at 337 MHz {ly = 0.168
al D), its resonant resistance is 22.7 €, Thesc resistance values do not compare to the
resistance of the initial folded monopole at 337 MHz, which is 4206 2. At this
frequency, the initial folded monopole is operating very close (o its primary antircsonant
frequency.  The resomant ¢ of this inductive load eonfiguration is 44.1, a value
sipgnificantly larger than thal of the top-loaded configuration becansc the top-lead
configuration has a much larger occupied volume. Increasing the volume of a resonant
antenna deercases its £ and incrcases s bandwidth. A comparison of the impedance
properties of top-loaded and inductive loaded antennas, both resonant at 337 Q, is
presented in Figure 6.

Fd

'Top Loaded Folded Monoepole

Figure 5. Geometry confligoration of the capacitive top-plate folded mongpale antenna.

2.2 Tuning the Antenna Below Antiresonance

In the previous seclion, several techniques that may be used to lower the inhercnt
resonant frequency of the folded monopole configuration were illustrated. While
differing in design approach, it is significant to note that when these antenna
corfigurations are made to be resonant al the same frequency, they exhibit very similar
resonant properties. The major performance issne to consider in lowering the resonant
frequency of a fixed size or fixed volume antenna is that with decreasing resonant
frequency, the resonant resistance and bandwidth decrease, primarily as a result of the
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faet that the height and volumc of the anlenna decreases rclative to the longer resonant
wavelength.
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Figure 6. Input impedance preperties of ihe initial folded menopole, the top-loaded fohded manopale
and the inductive load folded monopule anlennas.

Here, an approach to achieving resonance at very low frequencies (where the antenna is
very small clectrically) is considered that mitigates the 1ssuc associsled with the
decreasing resonant resistance that occurs with the configurations described in the
previous section, Censidering the impedance propertics of the initial folded monopale
configuration depicted in Figure 2. it is scen that below the antiresonant frequency where
the feed point reactance is positive, there is a frequency at which the feed point resistance
is equal to 50 € If this posilive inductive reactance is tuned to zero at the fecd point
with a scries capacilance, the anienna will be resonant and it will be impedance matched
to 50 €0,
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For the folded monopole of Fignre 1, the feed point resistance is 50 €0 at a [requency of
267 MHz. The reaclance at this frequency is approximately 1250 €, which is a
significant value of reactance to lune with a series capacitor at the feed point. The
practical concerns associaled with this approach include the high antenna {J (narrow
bandwidih) that cxists at low frequencies (as a result of the antenna having a very small
volume relative 1o the long wavelength) and the issues associated with the loss and
reasonable capacitance value of the (uning capacitor. At 267 MHz, the ) of the initial
folded monopole configuration is approximately ?1.7.

The other issue that 10 consider is that the requency at which the antenna exhibits a 50 £2
feed point resistance can be decreased to further lower the desired operating {requency of
the antcnna.  For example, in addition to lowering the inherent resonant frequency of the
antenna, all the antenna configurations described in the previous section decrease the
frequency where the anteana exhibits a 50 Q resistance. This behavior is illustrated in
the impedance curves presented in Figures 4 and 6. ‘The frequency at which the
resistance is 50 Q for the meander line and the inductive load configuration (Ly = 0.168
uH}, is 216 MHz and 179 MIlz, respectively. At the same time, the value of inductance
neaded to be tuned at these lower {Tequencics increases. The inductive reactunce
increases to 1623 € and 2974 Q for the meander line and inductive load conligurations
respectively. The () at these [requencics increases relative to the @ of the imilial
contiguration at 267 MHy, indicating thal the bandwidth of these antennas will be
narrower. The () of the meander line and inductive load configurations is 154 and 321,
respeetively.

<
!
. .""“"-1..._.
--""1-\.._.__*_“-11
'_‘—‘-—._____- ‘-H.“"F
:
h ]
.-'-FFH--FFF.' -
1y : T
Capacil R
apacilor —

Fixed or Tunable Capacitively Loaded
Folded Monopuole

Figure 7. Geometry configuration of the capacitive 1oad folded monopole antenna.
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Another technique that can be used 10 lower the frequency where the antcnna exhibits a
50 £2 resistance is depicted in Figure 7. [n this case, a fixed or tunable capacitor is added
io the structure with the addition of another {olded arm [6]. The capacitor can be placed
at any location, d and height & and its value can be adjusled accordingly to adjust the
frequency where the resistunce is equal to 50 Q. In the configuration of Figure 7, the
capacitance is adjusted to 3 pF to set the frequency at which the resistance is 50 Q to
approximately 179 MHz, matching ihat of the inductive load configuration described
above. The ¢ of this antenna is approximately 355, which not significantly different than
that of the inductive load conliguration. A comparison of the antennas’ impedancc
properties is presented in Uigure 8. The advantage of the capacilor load configuration is
(hal less tuning capacilance required at the feed point because the feed point reactance is
lower than that of the inductive lead configuration, 1733 {2 compared to 2974 ().
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Figure 8. Inpui impedance properties of the initial folded monapole, the inductive lnad monopule
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3. INCREASING RADIATION RESISTANCE AT LOW FREQUENCIES

In the previous section, several techniques were described lor lowering the frequency at
which the folded monopole becomes resonant. While a lower resonant frequency can be
easily achieved using a number of configurations, the performance trade-offs associated
with doing so must be recognized. Specifically, the resonant resistance and bandwidth
decrease sigmificantly with decreasing resonant frequency. While not specilically
discussed in the previous seclions, the antenna cfficiency generally decreases as well.

1L was also shown that al Irequencics below antiresonance, the antenna can be tuned to
operate at a frequency where it inherently has a feed point resistance equal to 5 (L
[Jsing a number of techniques, this frequency can be decreased so that the antenna can be
made smaller relative io the tuned wavelength. Again, the performance trade-ofls
associated with tuning the antenna at lower frequencies must be recognized. Specifically,
with decreasing frequency, the operating bandwidth decreases rupidly. Additionally,
lowering the frequency where the antenna exhibits a 50 € resistance also increases the
inductive reactance, resulting in a higher rcactance to tune at the leed point.

In this section, the technique used to increase the radiation resistance at rcsonance, in
designing the folded spherical helix, is briefly described. In the next section, it will be
applied to a variety of folded wire antenna configurations so that their performance
propertics can be compared as a function of differem physical configurations.

J\\'\L

Y

AN

Tigure 9. (eometry configuration of the meander line folded manopole antenna with increased total
wire length.
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Consider (he 2-arm meander line folded monopole configuration shown in Figure 9,
which is sirnilar to the configuration shown in Figure 3, except that the total wire length
in the antenna has been arbitrarily increased ilo approximately 62.6 cm. This
configuration will have a lower resonant frequency, lower bandwidth (as indicated by
increasing () and lower efficiency. The configuration of Figure 3 has a resonant
frequency of 539 MHz and a rcsonant resistance and compuled efficiency of 40.8 £ and
98 8%, respectively. The 2-arm configuration of Figure 9 has a resonant frequency of
430 MHz and a resonanl resistance and computed efficlency of 26.5 €2 and 97.3%,
respectively. The (2 of these antennas is 10.3 and 17.4 for the configurations of Figure 3
and Figure 9, respectively.

As the total wire lengih in the meander line configuration increases and the resonant
frequency decreases, the resonant resistance continues to decrcase. At some poinl, the
antenna will be very small relative to the resonant wavelength and the resonant resistance
will approach zero. To mitigate the diminishing resonunt resistance, the number of
folded arms within the structure can be incrcased as done with the [olded spherical helix
antenna, and the resonant resistance {specifically the radiation resistance) will increase
gignificantly.

Several multiple folded arm configurations are depicted in Figure 10. These include a 3,
4, 5 and 6-arm configuration of the meander line folded monopole antenna of Figure 9.
As the number of folded arms increases (wo things occur. First, the resonant frequency
increases slightly and second, the resonant resistance increases significantly. The 3-arm
configuration has a resonant frequency of 451 MIIz and a resonant resistance of 62.7 2
while the 4-arm configuration has a resonant frequency of 474 Mljz and a rcsonant
resistance of 121 €. TUis very significant 1 note that the 5 and 6-arm configurations are
not self-resonant. This is a result of the increasing self-capacitunce within the structure
(between the arms) which bas the affect of diminishing the self-inductance of the
meander sections. While this affect causes the resonant frequency of the 3 and 4-arm
configurations to increase, it is so significant in the 5 and 6-arm configurations that sclf-
resonance is not achieved.

Given that the 3 and 4-arm configurations of Figure 10 are resonant al a frequency higher
than the 2-arm meander Jine configuration (of Fignre 9), it is obvious that the total wire
length in each meander line section can be increased to lower their resonant frequencies
1o mateh that ol the 2-arm coniiguration, 430 MHz Note that length of the meander
seclion (6 cm Leight) in the 2-arm configuration of Figure 9 is approximately 25.3 em. In
the case of the 3-arm configuration, the wite length in the meander section is increased 1o
approximately 27.4 cm. The resonant frequency is 430 MHy, the resonant resistance and
O are 57.4 € and 12.3, respectively. In the case of the 4-arm confliguration, the wire
length in the meander section is increased to approximately 29.5 ¢m. The resonant
frequency is 430 MHz, the resonant resistance and () are 98.8 Q and 10, respectively.
The impedance properties of the 2, 3 and 4-arm configurations are presented in Figure 11.
With the increase in the number of folded arms, the resonant resistance increases and the
resonant { decreases (indicating that the bandwidth increases). The eflicicney of these
anlennas is 97.3%, Y7.9% and 98.1% for the 2, 3 and 4-arm configurations, respectively.
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An alternate multi-arm folded monopole configuration is depicted in Figure 12, This
antenna is a 4-arm configuration where the wires at the top of the antenna are conngcted
about the perimeter of the antenna goometry rather than al the center, With this
configuration, having the same meander section length as the 2-arm configuration of
Figure 9, the resonant [requency decreases to 390 MHez where the resonant resistance is
approximately 97 €. The initial decrease in resonant frequency is expected since there is
slightly more wire compnising the connection between the vertical meander sections ard
the wire around the perimeter of the antcnna volume mcreases the effective capacitance
to ground. Together, thesc factors contribute Lo the decrcase in resonant frequency,

5-Arm Folded Monopole S-Arm Folded Monapie

Figure 10, Geometry configuration of the multi-arm meander line folded monopole antennas.

Having a lower resonant frequency, it is chvious that the total wire length in each
meander section can be decreased and the resonmant frequency of the antenna can be
increased to 430 MHz. In this case, the total wire length in each meander section is
decreased to approximately 20.5 ecm. At the resonant frequency of 430 Mz, this
configuration has a resonant resistance of 118 Q and a ¢ of 6.7. This configuration
offers a substantial decrease in {F (increase in bandwidth} as a result of the increase in
occupied volume. As evident [rom the resonant resistance, this configuration also offers
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a larger cffective height al iis resonant frequency, which is consistent with top-loaded
antennas [7].

Both of the 4-arm folded monopole configurations can be designed with an increase in
wire length such that they are resonant al a lower frequency where the resonant resistance
would be closer to 50 £2. With this {uriher decrease in resonant frequency there would be
a correspending increasc in (. Increasing the wire length in the 4-arm configuration of
Figure 10 to 50.2 cm, the resonant frequency decreases to 300.2 MHz, where the resonant
resistance is approximately 50.8 € and the @ is 22.8. This configuration and value of
resonant frequency are significant when considering the antermas io be discussed in the
next section.
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Figure 12, Geometry configuration of the alternaie folded monopole antenna having the top wires
connected abouet the perimcter of the antenna volume.

4, COMPARING MULTI-ARM FOLDED MONOTOLE ANTENNAS

In the previous section, several multi-ami folded momopole configurations were
considered and their performance properties were briefly examined as a [unction
increasing the number of folded arms and deercasing resonant frequency. It was
demonstrated that with an increase in the number of folded arms, a significant increase in
the resonant resistance can be realized. This can be significant in the design of small
antennas where the resonant resistance is typicatly very low. In all cases however, with
decreasing resonant frequency, there is a corresponding decrease in the resonant
resistance, bandwidth and efficiency.

In this section. several very specific multiple-arm folded monopole antennas are
considered as a function of differing geometry. Antennas of differing geometry are made
to have the same overall height, the same physical volume and the same resonant
frequency. Their performance properties are compared and it 1s demonstrated thai when
fhese antcnnas are made to be resonant at the same frequency, they cxhibit very similar
resonant properties indicating that these properties are essentially a function of the
antennas height and occupied volume relative to the resonant wavelength. At the same
time, certain differences in the antenna configurations that alfect these resonant
properties are noted.

The {irst antennas considered are the Koch fractal, meander line and normal mode helix
configurations previous considercd [2], which were shown to exhibit similar resonant
behavior independent of the differences in their tota] wire length and geometry. These
antenna configurations were converted 1o 3-arm folded monopoles as shown in Figure 13.
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These antcnnas are 6 cm in height with a 6 cm horizontal arm length to the center of the
geometry. The wire diameter used in modeling these aniennas was (.1 mum, which is
nceessary to accommodate the high degree of wire compression in the Koch fractal
configuration. These antennas are resonant between 5325 and 530 MHz. No attempt was
made to optimize the resonant or overall performance properties of these antennas.
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Figure 13. Geumetry configuration of Koch fractal, meander line and normal made helix folded
nionepole antennas.

The 1rnpedance propertics of these antennas are compared in Figure 14. A table
summarizing their resonant performance is presented in Table 1. Examining the
parfurmdme properties of these antenna configurations it is evident that their resonant
behavior is very similar, indicating that these performance properties arc essentially
independent of any differences in their total wirc length and geometry.
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Table 1. Performancc Propertics of the Folded Monopole Antennas Depicted in

Figure 13.
Antenna Resonant Bcsonant Quality Facior | Eficiency (%)
Frequency Resistance (£} (&
(MHz)
Koch Fractal 530 9319 143 92.4
Meander Line 528 ' 934 : 100.3 033
NM Helix 525 95 | 5 938
Koch Fractal i
== == Meander Line !
200 ‘ M Helix _ ..
7 ]
£ '
9 150 |- $—
@ '
: %
£ 100 ;%
7 Y
50 - —- -~
0 | """iﬂ#ﬁ} 1 1 oL L 1
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Figure 14. Input impedance propectics of the Koch Tracial, meander line and normal mode helix
folded munopole antennas.
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volume than the spherical outline of the folded spherical helix antenna. For this reason it
ig expected that these configurations would exhibit a lower {2

Mleander Line M1

Meander Line: M2 Meander Line M3

Meurader Line M4

Figure 15. Gepmetry coufiguration of the folded spherical helix and the meander line folded
munopole configurations b1, M2, M3 and M4,
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The next sct of folded monopole antcnnas considered is of significantly different
configuration. In the configurations of Figure 13, the additional wire length added to the
antenna to lower the resonant frequency is vertically oriented, with the total wire length
remaimng within a relatively small area of a single [ace of the structure. In the next set
of antenna configurations, the total wire length in each arm occupies a larger area of the
face or wraps around the entire antemna volume throughout multiple faces. In the
previous article describing the folded spherical helix, a 4-arm configuration fitting within
a sphere of 6 cm radius was presented having a resonant (requency near 300 MHz, a
resonant resistance of approximately 43 £2, and a (0 of approximately 34. The 4-arm
configurations presented here occupy the same physical dimensions except that they are
conlmned within a cubie, not a spherical volume. These antennas are designed to be
resonant at or near 300 MIIz and their performance properties are compared as a function
of total wire length and geonietry.

The firsl set of antenna configurations is depieted in Figure 15 These antenna
configurations are simply designaled M1 through M4, These antennas have a wire
diameter of 2.6 mm, matching that ol the ftolded spherical helix antenma (FSH}) A
comparison of their impedance properties and ( is presented in Fipures 16 aml 17,
respectively, A suunmary of their resonant performance properties is presented in Table
2. "The total wire length indicates the total wire within the entire antenna structure,

Table 2. Performance Propertics of the Folded Monopoele Antennas Depicted in

Figure 15.
Antenna Total Wire Resonant Resonant Duality Efficiency
Length (m) Frequency Resistance Facior ({1 (%)
(MHz) | ()
F5H 1130 3003 43.1 33.8 98.7
M1 .86 3009 63.6 16.8 498.6
M2 1.§3 3004 56.2 17.8 98.5
M3 1.2% 3002 6.4 218 o
i M4 L.56 301.1 44.3 26.4 983 |

The performance properties of these antennas do not agree as well as those of the folded
menopele configurations depicted in Figure 13. The configurations in Figure 13, while
having different geometries and total wire lenpths, are very similar in terms of their
occupied volumes and perimeters. The antennas depicted in Figure 15 have significantly
different wire perimmeters and location (hroughout the siructure.  Considering these
[actors, the rcsonant performance properties are reasonably similar. In all cases, the
resonant radiation resistance (the total resistance including loss is indicated herej 1s a
fimection of the effective height cstablished by the wire length and geometry. The notable
difference in antenna quality factor belween the folded spherical helix and meander line
configurations is directly atteibutable to the difference n their respective effective
volumes., The cubic ocutline of the meander line geometries vccupies a larger physical
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Anotlier point 1o note is that the change in height of the wire (z-coordinate) as a function

of increasing wire length (designated E] appears to affect the resonant propertics of the
i
antcnna. In most configurations studied, % has been greater than or equal 1o zero. 1n

studying configuranons where 4 can he less than zero {where the wire travels back

towards the ground plane) significant differences in rcsonant performance have been
notcd. This has been a general ubservation and has nol been studied extensively.
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Figure 17. Quality factor {(5) of the folded spherical belix and the meander line folded monopale
configorations M1, M2, M3 and M4,

In the M1, M2 and M3 configurations of Figure 15, the resonant resistance is slightly
greater than 50 £). This indicates that these antennas could be made rcsonant lower in
frequency and they would exhibit a resonant resistance closer to 50 £2. Achieving a
lower resonant resislance at a lower frequency could be accomplished in a number of
ways. Obviously, increasing the total wire length would lower the resonant frequency.
Alternately, the wire diameter can be decreased. Decreasing the wire diameter of
compressed wire geometries generally lowers their resonant frequency. For cxample,
consider the M2 folded meander line configuration. Decteasing the wire diamcter to that
of 12 gauge wire (= 1.295 mm) reduces its resonant frequency 10 278.6 MHz, where the
resonant resistance is approximately 50 £. Tl is very significant to note thal if the wire
diameter of each configuration is reduced, the decrease in resonant {requency will not
necessarily be the same for cach configuration. The resonant frequency is established by
all physical parameters including wire dimmeter, geometry, wire length and height. A
comparison of the relative changes as a function of reduced wirc diameter is presented for
all of the configurations in Table 3.
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Table 3. Performance Properties of the Folded Monopole Antennas Depicted in
Figure 15 as a Function of Reduced Wire Diameter.

Antenna and Resonant Resonant
Wire Diameter Frequency Resistance (£1) |
(MIIz)
M1 {26 mm) 3000 63.6
M {5.29 mm) 2787 56.2
M2 26mm) 300.4 562 |
Fon2 (129 mm) 2TR.6 ) ]
M3 (2.6 1m00) 3002 6.4
M3 {129 mm) 2928 33
M (2.6 mm} I 44,3
M4 {128 mm) | 283 4 42.5

Since the antenna’s resonant resistance is a {unction of its effective height, 1t is obvious
that if the height of the antenna is reduced while maintaining the same fesonant
frequency, the resonant resistance will decrease. This was done for the M1, M2, M3 and
M4 configurations having the 12 pauge wire diameter. Without a change in lotal wirc
length, a reduction in height will incrcase the antenna’s resonant frequency. In this
instance, it was desired that the antennas be resonant near 300 MHz. The height of the
antennas was reduced lrom 6 cm to 5.5 cm wilh the goal of lower the resonant resistance.
With the change in wire dismeter and height from the original configurations, the total
wire length had to be adjusted accordingly to achieve a resonant frequency near 300
MHz. A comparison of the resonant propertics of these antennas is presented in Table 4.

Table 4. Performance Properties of the Felded Monopole Antennas Depicted in
Figure 15 with Reduced Wire Diameter and Height.

Antenna and | Total Wire Resonant |  Resonant Efficiency
Height Length (m) Frequency Reslstance {%%)
: {(MHz) L)
M1 (& cin) 186 3009 63.46 o986
M1 {5.5 cm)} 1.69 2909 32.3 Y74
M2 (6 cny) 1.83 3004 56.2 Q8.5
| M2 (5.5 cm) 1.72 2987 5.1 97.4
M3{Gem) | 129 300.2 56.4 0%y
M3 (5.5 am) 1.26 299.7 50.4 98
| M4 (6 cm) 1.56 301.1 443 983
| M4 (5.5 cm} - 149 2600 1.1 97

The final configuration considered is that of a reduced volume antenna. [n this mstance,
only a single meander line configuration is considered. 1f the overall volume of the
antenna is compressed while the height and wire diameter remaim fixed, the resonant
frequency of the antenna will increase and the rtesonant resistance will increase



correspondingly. Consider the M2 configuratien with the reduced height (5.5 cm) and
thie reduced wire diameter (1.29 mm}. 11 the overall diameter of the M2 configuration is
reduced from 12 cm to & cm, as illustrated by the configurations in Figure 18, the
resonant frequency increases o 433.1 MHz and the resonant resistance increases to 8.3
*)

P

P

Reduced Volume Configuration

Figure 18. Geometry configurations of the reduced height M2 meander line folded manopole and the
reduced yoleme meander line fulded menopole antenna.
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Given that the resonant resistance of the antenna is primarily a function of the antenna’s
height, the total wire length in the antenna can be increased to reduce the resonant
frequency to 300 MIIz, where the resonant resistance should be close to 50 £2. Increasing
the total wire length from 1.72 m to approximaiely 3.18 m reduced the resonant
frequency to 322.5 MIz and the resonant resisiance to 6.5 €. At this point, adding
more wire to the antenna posed a challenpe and it was decided thal the overall volume
could be increased to lower the resonant frequency. The overall diameter ol the antenna
was increased o 7.6 cm and the resonant frequency decreased to 300 MElz where the
resonant resistance is 49.3 1. This conliguration is depicted in Figure 19. Note (hat
because the antenta volume is significantly less than the previous configurations, the ¢
increases to 28.5. As a result ol the increased total wire lengih, the elficiency decreases
to 93.1%. Note that this conliguration has a lesser (¢ than the folded spherical helix,
which occupies more volume, becausc of its lower efficiency. A comparison of the
impedance properties of this conliguration with those of the reduced height M2
configuration {of Table 4.) is presented in Figure 20.
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Figure 19, Geometry configuration of the final reduced volume confiruration made to Be resonant at
300 MHz.
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Figure 20. Input impedance propertics of the reduced height M2 meander line antenna and the
reduced volume antenna depicled in Figure 19,

5. REMARKS

The radiation properties of several multi-arm folded monopole antennas have been
considered. The general performance properties of these antennas were shown to be a
function of the antenna’s height, occupied volume, total wire length, geometry and wire
diameter. When multi-arm folded monopoles of the same height and occupied volume
are madc to be resonunt at the same frequency they exhibit simitar resonant performance,
indicating that the resonant performance properties of these antennas are significantly a
function of these physical parameters. In some inslunces, where the geometries are
notably diffcrent, the resonant properties will vary. The performance iradc-offs

associated with changing height, occupied volume and wire diumeter were described in
some detail.
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